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Abstract
Conductive nano-composites have the potential to replace traditional conductive 
materials due to the enhanced mechanical, electrical and chemical properties that lend 
themselves to a plethora of applications. In this work, conductive nano-composites of poly 
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) with multi-walled carbon nanotubes 
(PEDOT:PSS/MWCNT) and PEDOT:PSS with silver nanowires (PEDOT:PSS/Ag NW) 
were prepared, characterized and tested for gas sensing and lighting applications.
Carbon nanotubes were functionalized covalently with carboxylic acid and non- 
covalently with surfactant and polymer molecules. The functionalized nanotubes were 
mixed with PEDOT:PSS at different concentrations and printed using inkjet printing 
techniques. The effect of the concentration of these nanotubes on the electrical properties of 
the nano-composite samples was investigated. The results show that the electrical 
conductivity of the printed structures strongly depends on the concentration of the 
nanotubes in the sample. Furthermore, the electrical properties strongly depend on the 
wetting of the substrate and by controlling the wettability, the conductivity of the nano­
composite samples can be improved. Based on polymer conductivity, the electrical 
conductivity of the composite film can be improved or degraded by orders of magnitude 
with the incorporation of the MWCNT. Moreover, electrical measurements show strong 
correlation between the conductivity of the carbon nanotube network and the resulting 
nano-composite films. Excellent alignment of the nanotubes with improvement in the 
conductivity of the printed sample was also achieved using a novel and simple 
methodology. Carbon nanotube gas sensors were fully printed on flexible substrates and 
tested as ethanol sensors. The performance shows significant enhancement in the sensitivity 
of the PEDOT:PSS/MWCNT based sensor, in comparison to the pristine nanotubes and 
pristine polymer based sensors with enhancement factor greater than 2.5. Moreover, a 
remarkable improvement in the response and recovery time of the sensor after polymer 
flinctionalization is also reported.
Silver nanowires with a high aspect ratio and high conductivity were synthesised via 
polyol reduction of silver nitrate in the presence of metal salt and a capping agent. 
Conductive PEDOT:PSS/Ag NW composites were prepared using film transfer techniques 
and spray/inkjet printing techniques. The SEM images show excellent percolated networks 
of nanowires in the samples. The influence of thermal treatment on the electrical properties 
of the nanowire samples was investigated and found to improve the electrical conductivity. 
Moreover, the results revealed that the properties of the nano-composite films depend on 
the density of the nanowires in the samples. High conductivity with good optical 
transparency was achieved by controlling the concentration of the nanowires in the films. 
The Ag NW based samples exhibit high figure of merit values higher than those reported 
for graphene and carbon nanotubes based films, and better than industrial requirements for 
transparent conductor electrodes. The highly conductive and transparent PEDOT:PSS/Ag 
NW electrode was utilized to fabricate organic light emitting diodes. The device exhibited 
good performance with maximum luminance of about 2000 {cd/m^). The results show that 
the combination of the nano-composite materials together with the solution based technique 
could pave the way towards flexible, solution processable, low cost and large area device 
applications.
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CHAPTER 1:
Introduction
LI. Organic Materials
Recently, there has been a considerable interest in using organic materials to produce 
electronic devices due to the unique properties these materials offer as well as the 
advantages of using these materials in the electronics industry. Unlike traditional inorganic 
materials, organic materials can be processed and modified easily at relatively low 
temperature and they are mostly compatible with all types of substrates, including flexible 
ones [1]. This in turn opens the door to produce flexible, disposable, light weight and large 
area display and electronic circuits at low cost [2]. Furthermore, it forms a driving force for 
research in this area on both the academic and industrial fronts.
Organic materials are types of carbon based compounds where the element carbon 
forms an essential part of their structure. Generally, organic materials can be classified into 
three groups: small molecule organics, organic polymers and biological materials [3]. 
Monomers are the building units of the different types of polymers. The polymer forms 
when a combination of monomers is linked together in a regular and repeated fashion. 
Depending on the manner that these monomers are arranged, polymers can be classified 
into crystalline and amorphous polymers. In crystalline polymers, a regular orientation of 
the polymer chain segments with respect to each other occurs, whereas in amorphous 
polymers, such regularity is not present and a disordered structure is dominant [4].
In organic materials, as carbon forms the major part of the molecular structure of these 
materials, the hybridization of atomic orbitals occurs. Hybridization is the mixing of 2s and 
2p orbitals in the valence shell of an atom when it becomes part of an organic structure.
There are three types of hybridization: sp, sp^ and sp^ hybridizations. For example, the 
carbon atom has six electrons with electronic configuration of: Is^ 2s^ 2p^. This implies 
that the Is and 2s orbitals are completely filled with electrons whereas two of the p  orbitals 
are half-filled with electrons and the third one is empty. This gives a possibility for the 
carbon atom to form two bonds. However, due to hybridization, the Carbon atom can form 
four bonds with the neighboring atoms in the molecular structure. In sp hybridization, the 
2s orbital is mixed with one of the 2p orbitals to produce two sp hybridized orbitals which 
results in the formation of two strong-o bonds and two weak-7i ones. In the case of sp^ 
hybridization, 2s orbital is combined with two of the 2p orbitals to create three sp^ 
hybridized orbitals which leads to the formation of three a bonds and one n bond. For sp^ 
hybridization, 2s orbital is mixed with all three orbitals of the 2p orbital to produce four sp 
hybridized orbitals and therefore the formation of four strong-o bonds [5]. This means that 
all atoms in organic materials are hybridized and linked via either o bonds or ti ones except 
for hydrogen. Figure 1.1 shows the different types of hybridizations that may occur in 
organic materials. Among these types of hypridisation, the sp^ hybridisation is the most 
important in organic materials and is accountable for their electronic properties [6]. In 
addition, molecules in organic materials are connected via intermolecular forces. These 
types of bonding are weaker than covalent bonds and include ionic bonding, hydrogen 
bond, dipole-dipole interaction and Van der Waals interactions [5].
sp^ hybridization sp- hybridization sp hybridization
Figure 1.1: Hybridization in carbon atomic orbitals [6J.
The electronic properties of organic materials are based on the conjugated % electrons 
as they are much more mobile than those of o bonds and therefore they can hop from one 
location to another, between carbon atoms in the molecular structure [3, 7]. The 
delocalization of n electrons in conjugated organic materials occurs when there is sufficient 
overlap between p  orbitals of two sp^ hybridized-carbon atoms which results in alternating 
single and double bonds. In such cases, the resultant bond is shorter than the single bond [5, 
7]. Therefore, for organic materials, the bonding molecular orbitals tt and the antibonding 
molecular orbitals t i  are assigned as the highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) respectively, equivalent to the valence band 
and conduction band in inorganic materials as shown in figure 1.2.
O rganic Inorganic
It
LUMO
71
HOMO
Figure 1.2: Band structure in organic and inorganic materials [8J.
The conduction process in organic electronic materials strongly depends on many 
parameters such as the ordering degree of molecular chains, presence of defects and 
impurities, temperature and carrier density [9]. In highly ordered materials, the charge 
transport occurs by means of band transport at low temperature. As the temperature 
increases, the mobility decreases due to the enhancement of scattering processes by lattice
vibrations. In the case of disordered materials, charge transport via hopping is the most 
dominant and the mobility increases with increasing temperature. Thermal energy assists 
carriers to overcome the energy barriers resulting from the disorder in the materials and 
hence improves the transport of the charge carriers [9]. Carrier hopping may take place 
from molecules in small molecular structures or from chain to chain in polymers and along 
the polymer backbone as well [3].
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Figure 1.3: Conductivity o f  organic and inorganic materials. The conductivity o f the conjugated 
polymer can be changed over wide range o f conductivities values from insulator to semiconductor
and conductor ranges [10].
On the other hand, the presence of impurities or defects in the materials plays an 
important role in the conduction process and conductivity can be improved by improving 
the molecular ordering [3,7, 11]. Introducing donor or acceptor impurities, as in conductive 
polymers, to the molecular structure by chemical doping produce electrically charged 
centers with alternate single and double bonds which can propagate along the polymer 
chain and act as charge carriers. Impurities can also act as interconnections between the 
individual chains of a polymer [8]. In this way, the conductivity of conjugated organic 
materials can be tuned over wide range of values from insulator to semiconductor and 
conductor. Figure 1.3 shows the conductivity range of conjugated organic materials.
1.2. Conductive polymers
Conductive polymers are of considerable interest both from an industrial perspective 
and academic view point due to the large number of electronic applications that can benefit 
from their properties. The possibility of depositing these materials using simple and cheap 
techniques, mechanical flexibility and solution processability make them a good alternative 
for traditional metal conductors. The origin of conductive polymers can be traced back to 
the 1960s. However, the fundamental breakthrough in this field was made by Shirakawa’s 
group in 1977 when they discovered that the conductivity of polyacetylene (insulating 
polymer in the neutral state) can be improved by several orders of magnitude via chemical 
doping [10, 12-14]. Since then, intensive efforts have been made to improve the 
conductivity and stability of these polymers and to make them feasible for device 
applications.
Polyacetylene
(PA)
Polythiophene
(PT)
y V
N 'n 
H
Polypyrrole
(PPy)
Poly(3,4-ethylene
dioxythiophene)
(PEDOT)
Polyaniline
(PANI)
Figure 1.4: Chemical structure o f  common conductive polymers. Polyacetylene is the first 
conductive polymer introduced with high conductivity values in the range 200 -  1000 S/cm. 
Polythiophene, Polypyrrole and Polyaniline are among the most common conductive polymers that 
intensively investigated for different applications. poly(3,4-ethylenedioxythiopheneythiophene) is a 
new class o f conductive polymer which shows high conductivity and excellent stability[15].
The conductive polymers are first synthesized by chemical or electrochemical 
processes and then chemically doped to improve the conductivity. The doping process of 
the synthesized neutral polymer can be carried out by oxidization for p-type doping or 
reduction for n-type doping with providing a counter ion to balance the charge [15, 16]. 
The doping level determines the band gap of the conducting polymer and as a result the 
overall conductivity. Conductivity values as high as 1000 S/cm has been achieved for 
partially oriented heavily doped polyacetylene [17]. Moreover, different classes of 
conductive polymers such as polypyrrole (PPy), polythiophene (PT) and polyaniline 
(PANI) with different conductivities and doping types have been synthesized, developed
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and investigated [15]. Figure 1.4 shows the chemical structure of the most common 
conductive polymers. However, although some of these conductive polymers have good 
conductivity their use in practical applications is limited due to issues such as toxicity, 
insolubility and inlusibility [18]. As a consequence, numerous efforts have been expended 
to develop these polymers and to overcome these disadvantages. In the 1980s, poly(3,4- 
ethylenedioxythiophene) (PEDOT), an environmentally-friendly new derivative of 
polythiophene with high conductivity (-300 S/cm), good stability and ease of synthesis was 
developed and introduced by Bayer AG research laboratories in Germany. The new 
conductive polymer is made soluble in water by doping with poly (styrene sulfonic acid) 
(PSS) which also plays the role of charge balancing. The resulting PEDOTiPSS has good 
conductivity of about 10 S/cm, good transparency in the visible range and excellent air- 
stability [15, 18].
1.3. Conductive organic  -  inorganic nano-composites
The conjugated polymer poly(3,4-ethylenedioxythiophene) doped with poly(4- 
styrenesulphonate) (PEDOTiPSS) is considered as one of the most attractive and promising 
conductive polymers available to date due to its good conductivity, high transparency in the 
visible range, ease of processability, flexibility and high stability under ambient 
environments [18-21]. Moreover, it's high work function (-5 .1  eV) makes it a suitable 
candidate to be used as a hole injection layer in organic light emitting diodes as well as a 
hole collection layer in solar cells [22]. It has also been used as electrodes for capacitors 
and field effect transistors [19]. However, the moderate conductivity of the conductive 
polymers does not make them the first choice materials and limit their use in a number of 
applications which require a metal-like conductivity. Therefore, much research in this area 
is focused on improving the conductivity and utility of such polymers in order to obtain 
higher conductivity along with the other advantageous properties these polymers offer. To 
further improve the conductivity of PEDOTiPSS, the use of additives such as sorbitol, 
ethylene glycol (EG), dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF) as secondary
doping agents or thermal treatment have been proposed and found to enhance the 
conductivity of PEDOTiPSS by many order of magnitudes [22-27].
A common method utilized to improve the conductivity of PEDOTiPSS is 
incorporating nano-materials such as metallic nano-particles or nano-wires within the 
conductive polymer matrix to improve the conductivity ideally without affecting 
significantly the form factor or transparency [28, 29]. Among the nano-materials examined, 
carbon nanotubes (CNT) have unique properties including their size, high aspect ratio and 
the high conductivity, which make them an excellent candidate as a hybrid conductive 
polymer material system for electronic applications. In comparison to SWCNTs, MWCNTs 
can be produced at low cost and on a large scale which make them more available for 
commercial applications especially as conducting components in polymer composites [30]. 
However, the electrical behavior of polymer-CNT composites has been reported to be 
“unpredictable”, depending on many factors including the type of CNT and their dispersion 
[31]. Yun et al. used a composite of PEDOTiPSS and different concentration of multi­
walled carbon nanotubes (MWCNT) as S/D electrodes for organic thin film transistors. 
They found a significant decrease in the sheet resistance of the spun coated layers to about 
700 O/d after adding the MWCNTs to the polymer. However, a reduction in the film 
transparency also has been observed with increasing CNT concentration [32]. Similar 
improvement in the conductivity of PEDOTiPSS has been observed in a number of studies. 
The improvement in the electrical properties was attributed to the conductive nanotubes 
network which contributes to the conduction and also connects the conductive PEDOT 
islands in the composite film [28, 32-34]. On the other hand, some studies reported a 
decrease in the conductivity of such composites after the addition of nanotubes. For 
example, Denneulin et al. studied the effect of adding MWCNTs to the PEDOTiPSS ink 
and reported an increase in the sheet resistance of ink jet printed line patterns after the 
incorporation of the MWCNT into the polymeric ink [31]. The degradation in the 
conductivity is explained in terms of the nature and concentration of carbon nanotubes, 
contact resistance between the nanotubes, the nanotubes and the polymer chains and the 
effect of the insulating functional groups used to disperse the nanotubes [28, 31, 35].
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In addition, it can be noted from a number of studies on the electrical behaviour of 
PEDOT:PSS/CNT composites, that the variation in the conductivity of the polymer after 
the addition of the nanotubes is within the intrinsic conductivity values of the polymer. The 
disparity in the reported results and the behavior of these composites could be due to 
variations of the surface tension after adding nanotubes, conductivity of the pristine 
polymer and the conductivity of the percolated CNT network have not been fully 
considered. The effect of using additives, solvents and/or surfactant, such as glycerol, 
dimethyl sulfoxide (DMSO) and sorbitol on the surface tension of PEDOTiPSS solution 
and the electrical properties of the resulting films has been reported in many studies [36- 
39]. The change in the electrical properties is attributed to the morphological changes, 
especially the roughness of the samples. These effects should also be involved in the case 
of PEDOTiPSS/CNT composites, since the addition of carbon nanotubes suspension to the 
conductive polymers is usually accompanied with a change in the surface tension of the 
composite solution which makes the comparison of the nano-composite and the pristine 
polymer conductivities invalid. Moreover, the types of CNT and the hosting polymer in 
addition to the distribution and orientation of the nanotubes in the hybrid nano-composite 
are very important factors and have a significant effect on the percolation threshold and the 
conductivity of the resulting composite [40-44].
Silver nanowires are also very attractive materials for nano-composite applications and 
have the potential to replace the conventional conductive electrodes such as indium tin 
oxide (ITO), fluorine-doped indium oxide (FTO) and aluminium-doped zinc oxide (AZO). 
ITO is the most popular transparent electrode in many optoelectronic devices especially 
organic light emitting diodes (OLEDs) and organic solar cells (OSCs) due to its low sheet 
resistance (-1 0  Q/a) and high transparency (85 -  90%) [45]. However, due to the high cost 
of ITO, low earth-abundance and incompatibility with flexible substrates, significant effort 
is expended on replacing ITO with a suitable low-cost alternative material. The high 
conductivity, ease of growth and solution processability of silver nanowires make them 
promising candidates for conductive hybrid nano-composite applications. Moreover,
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combining the advantages of silver nanowires with those of PEDOTiPSS is the key factor 
towards the production of low cost and flexible transparent electrodes. In fact, the 
deposition of Ag NWs and PEDOTiPSS/Ag NWs composites electrodes with high 
conductivity and transparency comparable to ITO have already been reported in many 
studies. Lee et al. demonstrated the use of a solution-processable metallic mesh of silver 
nanowires with sheet resistance of 10 O/d and optical transparency of 85 % as transparent 
electrode for solar cells [46]. The use of PEDOTiPSS/Ag NWs conductive composite with 
sheet resistance of 12 Q/d and optical transparency of 86 % for solar cells application has 
also been reported by Gaynor et al. [47]. They have shown that the solar cell fabricated on 
the nano-composite electrode has the same efficiency of that with ITO. Yet, silver 
nanowires and their use in conductive composite for transparent electrode applications is a 
newly emerging research area and numerous ongoing research efforts are focused on 
improving the properties of these electrodes by improving the aspect ratio of these 
nanowires, their deposition methods and increasing their feasibility for practical 
applications.
1.4. Objectives and outline o f the thesis
The objective of this study is to improve the conductivity of the conductive polymer 
PEDOTiPSS by adding conductive nano-fillers such as MWCNTs and Ag NWs to the 
conductive polymer matrix in order to produce highly conductive nano-composite films 
that are suitable for device applications. Furthermore, it aims to contribute to the research in 
the field of conducting nano-composite by further examination of other factors that affect 
the conductivity of the nano-composite samples and dictate their electrical performance. 
Moreover, the aim is to demonstrate the use of these conductive nano-composite films in 
electronic and optoelectronic applications.
The thesis contains seven chapters. Chapter 1 (this chapter) gives a general overview 
of the organic materials, conductive polymers and conductive nano-composites, highlights 
their importance and presents the motivation of the current study. In Chapter 2, a
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background on the properties and the conduction processes of these nano-composite 
materials, along with the methods described in the literature to prepare and study these 
materials are presented. Chapter 3 shows the experimental techniques used in this study 
starting with the dispersion of nanotubes and growth of nanowires, to the deposition and 
characterization of the nano-composite thin films. Furthermore, the chapter describes the 
experimental setups used in this study. The investigation results carried out on the 
PEDOT:PSS/MWCNT composites are presented in Chapter 4. These include the printing 
quality of the nano-composite samples and the optimum printing conditions. The effect of 
various parameters such as substrate temperature, concentration of nanotubes, conductivity 
of the initial materials and ink wettability on the electrical properties of these nano­
composites is investigated. Moreover, a novel route to align the nanotubes in the printed 
samples and the effect of the alignment on the performance of these samples are also shown 
in this chapter. Chapter 5 shows the properties of the PEDOT:PSS/Ag NW samples. The 
growth of the nanowires and their properties are discussed. The electrical performance of 
the polymer-nanowire films obtained from two different techniques is investigated. 
Moreover, the compatibility of these nano-composites with flexible substrates is also 
shown. Testing these nano-composites for device applications is presented in Chapter 6. 
The fabrication of polymer-nanotube gas sensors along with its sensing properties are 
shown and discussed in this chapter. Furthermore, the performance of organic light emitting 
diodes (OLEDs) based on polymer-nanowire composite films as a transparent electrode is 
presented. Chapter 7 includes a comprehensive conclusion of the work in the thesis, along 
with proposed future research for those who would follow up on this study.
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CHAPTER 2:
Conductive Nano-composites: 
Materiais and Applications
2.1. Introduction
In this chapter, an overview on the conductive materials used in this thesis is given. 
These include the conductive polymer poly (3, 4-ethylenedioxythiophene)-polystyrene- 
sulfonic acid (PEDOT;PSS), multi-walled carbon nanotubes (MWCNT) and silver 
nano wires (Ag NW). Their preparation techniques, electronic properties, composites and 
applications are also discussed. Additionally, the chapter presents a brief review of the 
deposition methods that are used to prepare the nano-composite samples.
2.2. The conductive polymer PEDOT.'PSS
The conductive polymer PEDOT:PSS exhibits excellent properties such as good 
conductivity, good optical transparency in the visible range, high stability under 
environment conditions, high work function and ease of processability [1-6]. These 
properties makes PEDOT:PSS one of the most attractive, successful and widely used 
conductive polymers.
2.2.1. Chemical structure and dispersion properties o f  PEDOT:PSS
The synthesis of the conductive polymer PEDOT is based on the polymerization of the
monomer EDOT either by chemical or electrochemical methods [2]. The as synthesized
PEDOT is neutral with a band gap in the range of 1.6 -  1.7 eV which gives the polymer a
dark blue color. The band gap can be controlled by adjusting the molecular orbital energy
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levels, (HOMO) and (LUMO), of the 7i-system. This can be achieved by changing the 
degree of overlap of Ti-bonding along the polymer backbone and electronic status of the 71- 
system via steric interactions and doping levels respectively [2]. The negatively charged 
poly (styrene sulfonic acid) (PSS) is attached to the positively charged PEDOT by 
coulombic interactions in order to make it soluble in aqueous solutions and to act as a 
charge-balancing dopant [7, 8]. The presence of the PSS causes the acidic nature of the 
PEDOTiPSS dispersion with low PH values in the range of 1.5-2.5 [9, 10]. Figure 2.1 
illustrates the chemical structure of PEDOT:PSS and the microstructure of PEDOT:PSS 
thin film. Investigations of the structural and morphological properties of PEDOTiPSS 
films processed from a solution showed that PEDOTiPSS films are amorphous. Only short- 
range structural order (~ 10 nm) in treated PEDOTiPSS samples was observed by XRD 
measurements [10, 11]. Moreover, the film contains conductive islands rich in PEDOT 
surrounded by 5-10 nm thin PSS-rich shell. The high concentration of the insulating PSS in 
boundaries of these conductive islands hinder the charge transport across the island and 
leads to the observed moderate conductivity of PEDOTiPSS films [12-14].
1 I >
\  ^  S .
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Figure 2.1: Morphology o f PEDOT.PSS thin film showing the conductive PEDOT islands and the 
PSS-rich boundaries (left) and the chemical structure o f  the polymer (right) [9, 12].
The conductivity of PEDOTiPSS films processed from aqueous solution is in the range 
of 1-10 S/cm [15]. However, many recent studies shows that the conductivity of
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PEDOTiPSS can be improved by orders of magnitude by using some additives and/or 
thermal treatment [16-19]. The improvement is attributed to the effect of these treatments in 
reducing the coulombic interaction between the PEDOT and PSS chains which helps to 
remove the PSS from the surface and reduce the thickness of the insulating shell in the film 
[8, 20-22]. High thermal stability is another advantage of the conductive polymer 
PEDOTiPSS. Thermal treatment of PEDOTiPSS in air at 100 °C for more than 1000 hours 
with negligible variation in the conductivity has been reported [2], Viscosity of 
PEDOTiPSS dispersion is also of high importance and determines the types of techniques 
that can be used to process the conductive polymer. The viscosity of the dispersion depends 
on the concentration of PEDOTiPSS and remarkably increases with small increases in the 
solid content. Therefore, the concentration of PEDOTiPSS is usually kept below 5%. The 
properties of some types of PEDOTiPSS dispersions are presented in table 2.1.
Table 2.1: Properties of some commercially available PEDOTiPSS dispersions in water 
[10]
Trade Name
Solids Content 
in Water 
(w/w) (%)
PEDOTiPSS
Ratio
(w/w)
Viscosity 
at 20°C 
(mPas)
Particle
Size
(nm)
Electrical
Conductivity
(S/cm)
Clevios P 1.3 1:2.5 80 80 <10
Clevios PH 1.3 li2.5 30 20 <10
Clevios PVP A14083 1.5 1:6 40 10 10"3
Clevios PVP CH 8000 2.8 1:20 15 25 10^
Clevios PH 500 1.1 1:2.5 25 30 500
Clevios PH 750 1.1 1:2.5 25 30 750
Clevios PH 1000 1.1 1:2.5 30 30 1000
2.2.2, Charge transport in PEDOT.'PSS
The conductivity and transport properties in the conductive polymers are based on the
delocalization of the 7i electrons along the backbone of the polymer when efficient
overlapping of Ti-orbitals occurs. In PEDOT, polarons are the charge carriers and they are
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accompanied by lattice distortion [12, 23, 24]. The polarons form during the oxidization of 
polymer where the electrons are removed from the n orbitals and as a results a positive 
charge associated with a lattice deformation is produced [25]. When two polarons are 
coupled, a bipolaron with two positive charges and strong local lattice distortion is formed 
[25, 26]. The propagation of these charge carriers along the polymeric chain is very 
sensitive to defects, localized electronic states and conjugation length [11]. Therefore, 
localization of the charge carriers at low temperature occurs in the disordered conductive 
polymers. As a result, the dominant charge transport mechanism in conducting polymer 
including PEDOTiPSS is thermally activated hopping, where the carriers tunnel from one 
localized state to another [24, 27]. The hopping mechanism is also in coincidence with the 
observed increase in the conductivity of the conductive polymers with increasing 
temperature. The dependence of conductivity on temperature in disordered materials can 
be, in general, expressed as [1 l]i
where, 0.25 < y < 0.5 and T is the temperature. Mott et a l proposed the variable range 
hopping (VRH) model for charge transport in non-crystalline materials. The model is based 
on the hopping distance R between the sites and the hopping probability P(T) as a function 
of temperature. According to (VRH) model, the hopping probability Py between two sites i 
and j  can be written as [ 11,28] i
Pij =  exp(-2aRiy -  (2.2)
Where, Vy is the phonon frequency, a  is the wavefunction decay, Ry  is the hopping 
distance. Ay is the activation energy, k is Boltzmann constant (1.38 x 10^^ kg/s^ K) and 
T is the temperature in Kelvin (K). In the VRH model, the exponent y depends on the 
dimensionality of the system and is expressed as 1/(1+d). Therefore, the temperature- 
dependent conductivity according to this model can be rewritten as [28, 29] i
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Where, the parameter Gq is the conductivity at infinite temperature, and To , a function of 
the density of states N(Ep) and localization length is a characteristic temperature 
miEpgk) [13].
2.2.3. Applications o f  PEDOT.'PSS
PEDOTiPSS is considered as one of the most promising conductive polymers and 
employed in many applications, including interconnects in electronic circuits, 
optoelectronic and electromechanical devices [30]. PEDOTiPSS was utilized to print 
source/drain and gate electrodes for organic thin film transistor in the work reported by 
Sirringhaus et al. [31]. The printed transistor exhibited high performance with mobility of
0.02 cm^/V.s and on/off ratios of 10^ . The use of PEDOTiPSS to reduce the contact 
resistance between pentacene and gold electrodes in organic field-effect transistors 
(OFETs) has also been reported [32]. The crystallinity of pentacene was found to improve 
after the PEDOTiPSS coating as well as the hole injection properties. Moreover, 
PEDOTiPSS is a commonly used hole injection/transport layer in organic light emitting 
diodes and photovoltaic devices due to its high work function and excellent planarizing 
properties of rough surfaces [1, 12, 33-37]. Ouyang et al. improved the conductivity of 
PEDOTiPSS via polar solvent treatment and demonstrate its use as a hole injection layer 
and as a replacement for ITO in organic light emitting diodes. They reported comparable 
performance of the device fabricated using ITO/PEDOTiPSS with that using PEDOTiPSS 
as an anode with luminescence of 200 cdtvc? and efficiency of 1.2 cd/A [6 ]. Furthermore, 
they reported the fabrication of 1.5 % solar cell efficiency with PEDOTiPSS as an anode. 
Similarly, the effect of additives on the conductivity of inkjet printed PEDOTiPSS and its 
impact on the performance of photovoltaic organic cells has been investigated by Eom et 
al. [38]. They reported an efficiency of 3.16% and attributed the improvement to the 
morphological changes of PEDOTiPSS layer after treatment. The use of PEDOTiPSS for
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chemical sensor applications has been reported in different studies. The sensing mechanism 
is based on the interaction between the gaseous species and the conductive polymer which 
leads to conductivity modulation [30]. PEDOTiPSS based inkjet printing structures was 
used for sensing organic vapours such as ethanol and methanol. Thick films show 
reversible responses with response time in the range of 6 - 8  minutes [39, 40]. Ethanol 
sensors with well-ordered PEDOTiPSS nanowires and high sensitivity was also 
demonstrated [41]. Recent research also show the high potential of PEDOTiPSS to be 
employed in medical biosensors [42]. In addition PEDOTiPSS is widely used as solid 
electrolyte capacitors, rechargeable batteries, photodiodes, electrochromic windows and 
antistatic coating for plastic and cathode ray tubes [2, 43].
2.3. Carbon nanotubes
Carbon nanotubes were identified for the first time in 1991 by Sumio lijima [44]. Since 
that time, investigating the properties of carbon nanotubes and their applications have been 
the focus of many research groups from different disciplines [45-47]. Carbon nanotubes are 
attractive materials due to their extraordinary electrical, thermal, optical and mechanical 
properties [48]. The published results so far demonstrated the high potential of carbon 
nanotubes and showed that they can be widely used in a large number of solid state device 
applications such as sensors, interconnects, energy storage/conversion and field emission 
devices [49-51].
Carbon nanotubes are basically composed of a sheet of graphene folded to form a 
cylindrical tube that is capped at each end as shown in figure 2.2. Based on the rolling 
direction, carbon nanotubes with different chirality (helicity) may form [50, 52]. These 
include armchair, zigzag and chiral configurations (figure 1.5 B). The chirality type and the 
nanotube diameter can be defined using the chiral vector and a pair of integers (n,m). The 
nanotube is armchair when n = m, zigzag when n = 0  or m = 0  and chiral for other n,m 
values [50]. The diameter of a nanotube can be calculated using the following relation [53] i
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d = a-^ ra^ +mn+n^ (Zl)
where = 1.42 x Vs Â is the lattice constant in the graphene sheet. The chirality type of the 
nanotubes is of high importance and strongly affects the properties of nanotubes. 
Furthermore, carbon nanotubes can be classified based on the number of graphite shells 
into two main types: single wall carbon nanotubes (SWCNTs) and multi wall carbon 
nanotubes (MWCNTs) [50]. The MWCNTs are composed of a number of coaxial 
SWCNTs with different diameters [54].
Roll-up
Graphene sheet SWCNT
(A)
(n,0\  zigzag
i
'  (n.n) armchair armchair zigzag
(B)
chiral
Figure 2,2: Carbon nanotubes: (A) Rolling graphene sheet into a nanotube and (B) Nanotubes with 
dijferent types (chirality) depending on the rolling direction [55, 56].
21
2.3.1. Properties o f carbon nanotubes
Carbon nanotubes are attractive materials and may find applications in many fields 
due to their remarkable properties. The properties of carbon nanotubes strongly depend on 
the tube type, structure and diameter [50]. This dependence gives these novel 
nanostructures the huge diversity and richness in physical properties among other nano­
materials [57]. As a result, a considerable amount of research has been carried out to 
control the nanotubes diameter and chirality, investigate their properties and explore their 
potential applications [58].
2.3.1.a. Mechanical properties
In carbon nanotubes, sp^ hybridization takes place where the 2s and two of 2p orbitals 
are hybridized. This type of hybridization produces three o and one n bonds between 
carbon atoms and neighboring atoms [59]. The sp^ hybridization makes the nanotubes the 
strongest and stiffest materials known so far [53, 54]. Carbon nanotubes have unique 
mechanical properties such as a Young’s modulus of about 1x10^^ Pa and tensile strength 
of 150 X 10^  Pa [50, 60]. It has been reported that the mechanical properties of carbon 
nanotubes depend on the structural defect density and the interaction between the 
interlayers in MWCNT and the bundles of SWCNT [56]. Furthermore, in two different 
studies, Gao et al. and Hernandez et al. have found that the mechanical properties the 
nanotubes depend on the tube diameter and as the diameter of the nanotube increases the 
mechanical properties become similar to those of graphite sheets [53].
2.3.1.b. Thermal properties
In terms of thermal properties, carbon nanotubes are considered as excellent thermal
conductors. The calculated thermal conductivity of carbon nanotubes is in the range of 6  x
10^  W/m.K[6 l\. Experimentally, values of thermal conductivity greater than 3000 W/m.K
have been measured for individual MWCNTs which are greater than that of diamond [50,
22
62]. Unlike graphite, the phonon dominates the specific heat at all temperature in the case 
of carbon nanotubes [53]. The thermal conductivity of MWCNT has been found to vary 
linearly with the temperature in the range from 4 to 300 K  [63]. Moreover, it has been 
shown that higher thermal conductivity of SWCNT samples can be achieved with aligned 
nanotubes in comparison with those randomly oriented [64].
2.3.I.e. Electronic properties
The electronic properties of carbon nanotubes depend on the chirality and the type of 
the nanotubes. SWCNTs, as produced, are usually a mixture of semiconducting and 
metallic tubes at a ratio of 2:1 respectively. The band gap of the semiconducting nanotubes 
depends on the tube diameter and varies from 0 to 1 eV [57, 59]. In general, a carbon 
nanotube is metallic when [65]:
2n + m  = 3q (2.2)
Where q is an integer. According to the equation above, all armchair nanotubes are metallic 
and zigzag nanotubes are metallic when « is a multiple of three [65]. In MWCNTs, due to 
the large diameter, the band gap is very small (~ 0 eV) and as a result the nanotubes show 
metallic behaviour at room temperature [6 6 -6 8 ]. Furthermore, at low bias, the outermost 
shell is responsible for the electronic transport in MWCNTs [69, 70].
The transport properties of carbon nanotubes are unusual due to their one-dimensional 
electronic structure. The electronic transport in metallic carbon nanotubes is ballistic which 
means that the carrier transport take place without any scattering or energy dissipation [50, 
71]. The ballistic conduction occurs when the length of the conductor is less than the mean 
free path of the carrier and as a result the conductance becomes quantized [71]. The 
quantum conductance is given by [72]:
2eG o = ^  ^  77.5 X 10-^ S (2.3)
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The quantization of conductance has been observed in both metallic SWCNTs and 
MWCNTs [71, 72]. In carbon nanotubes, the conducting shell contains two conducting 
channels and therefore, the total conductance in the nanotubes is theoretically predicted to 
be 2Go (i.e. 4e^/h) [71, 73]. These properties make the nanotubes significantly different 
from other traditional conductors. Carbon nanotubes enjoy a high carrier mobility of about 
10^  cm^/Vs and can support a current density of more than 10^  A/cm^ [50].
In thin film samples, the transport properties of carbon nanotubes network are very 
different and are strongly affected by the type of the nanotubes, their quality and the contact 
resistance at the nanotube-nanotube junctions. Geng et al. tested different types of CNT for 
transparent electrode applications and achieved the highest conductivity with the nanotubes 
sample that contains less structural defects and high content of metallic nanotubes [74]. 
Similarly, the effect of quality of SWCNT grown by different technique on the conductivity 
of the nanotubes transparent electrodes has been investigated (figure 2.3) [75]. The best 
performance has been attained with Arc discharge SWCNT and was attributed to different 
factors including the nanotubes diameter, purity, metallicity and the degree of dispersion.
1 0
CVD
HÎPO
Laser
Arc
100
Transmittance at 550 nm (%)
Figure 2.3: Sheet resistance vs. optical transparency o f SWCNT network grown by different 
techniques. The quality o f the grown nanotuhes has significant impact on the properties o f  the 
nanotube. Here the nanotubes grown by arc-discharge technique exhibit the best performance [75].
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On the other hand, the nanotube-nanotube junction resistance plays an essential role 
and may limit the conductivity of the nanotubes network. The contact resistance between 
single-walled carbon nanotubes with different conduction types has been investigated by 
Führer et al. and found to be in the range of hundreds kilohms [76]. Furthermore, they 
observed an ohmic behaviour for the metallic-metallic and semiconducting-semiconducting 
nanotubes junctions and rectifying characteristics for the metallic-semiconducting nanotube 
junctions. The rectifying behaviour was attributed to the depletion of the semiconducting 
nanotubes at the junction by the metallic one [76]. Therefore, the number of junctions 
should be minimized for highly conductive carbon nanotubes networks. This can be 
achieved by increasing the aspect ratio of the nanotubes as well as the ratio of the metallic 
tubes in the sample [77].
2,3.2. Synthesis techniques o f  carbon nanotubes
Different techniques have been used to produce carbon nanotubes. However, the most
common are chemical vapour deposition (CVD), arc discharge, laser ablation and high-
pressure carbon monoxide (HiPCo) [78]. The CVD technique is based on the reaction of
some hydrocarbons such as CH4 , C2H2 , CôHô and H2 gas in the presence of catalyst particles
such as Fe, Co and Ni at ~ 1000 °C in a reaction tube [59]. In the laser ablation technique a
good amount of graphite (~ 70 -  90 %) can be converted to single wall carbon nanotubes. A
graphite target with Ni and Co is evaporated by laser pulses inside a flow tube heated at
1200 °C. A flow of inert gas such as argon is used to move the nanotubes to the end of the
tube to a cold collector in order to collect the nanotubes [59]. The Arc-discharge technique
can be used to produce single wall carbon nanotubes and multiwall carbon nanotubes as
well. Two carbon rods with small diameter (~ 5-20 mm) separated by 1 mm are used as
electrodes. By applying a voltage in the range of 20 -  25 V across the electrodes and
passing current of 50 -  120 A through the electrodes, carbon nanotubes can be produced on
the negative electrode. This process generates much heat and therefore a flow of He is used
to cool the growth chamber. For multiwall carbon nanotube synthesis, there is no need for
catalysts, whereas using catalysts such as Co, Fe and Ni is essential for single wall carbon
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nanotubes synthesis [59, 78]. Furthermore, it was found that He pressure, current, 
electrodes and chamber cooling are very important parameters and can strongly affect the 
quality of synthesized nanotubes [79].
2.3.3. Purification and Dispersion o f  carbon nanotubes
As grown carbon nanotubes are usually accompanied by other impurities such as metal 
catalysts, amorphous carbon and carbon nanoparticles [80]. The type and concentration of 
impurities in the sample depend on the preparation technique and preparation conditions 
[79]. These impurities in turn may affect the properties of the nanotubes and may limit their 
use in some applications [59]. Therefore, purification of carbon nanotubes is necessary in 
order to remove the impurities and to benefit from the outstanding properties of the 
nanotubes in different applications. As a consequence, different methods to purify carbon 
nanotubes have been reported in the literature.
Oxidization has been used to remove nanoparticles and amorphous carbon from carbon 
nanotubes due to the stability of graphite to oxygen in comparison with amorphous carbon 
[59]. It is reported that annealing CVD-MWCNT at high temperature 1600 -  3000 °C helps 
to remove the catalyst particles and improve the structure of the nanotubes as well [79]. In 
addition, using microwave heating to purify Arc-discharge prepared SWCNT also has been 
reported by Harutyunyan et al. [81]. They have used a two step technique: the first step 
includes microwave heating of the sample in air to bum carbon shells and convert it into 
CO/CO2 , with the second step a HCl acid treatment at low temperature to remove the metal 
catalyst. After the treatment they found that less than 0.2 wt. % of catalyst metal remains in 
the sample. Using concentrated acid as a treatment method for carbon nanotubes has also 
been reported in the literature. 96% pure nanotubes of CVD prepared MWCNT was 
achieved by using HNO3 and HCl, followed by oxidization in air at 510 °C [79]. This 
method can be used to introduce some groups that contain oxygen to the surface of the tube 
such as carboxylic, hydroxylic and lactonic groups [79]. However, acid treatment usually 
results in the shortening of the nanotubes as it breaks the Ti-bonds [80]. Liquid treatment
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using potassium permanganate KMn0 4  has also been reported as a route to remove 
nanoparticles of carbon and unwanted material. However, it has been noticed that this kind 
of treatment may result in shorter nanotubes like the concentrated acid treatment [59, 78]. 
On the other hand, different physical methods have been used to purify carbon nanotubes 
such as filtration, chromatography, centrifugation and laser treatment. The advantage of 
physical methods is that these methods are less destructive in comparison to chemical ones. 
Treatment with nitric acid followed by centrifugation was found to be an effective route to 
remove amorphous carbon and nanoparticles from SWCNT samples. Furthermore, high­
speed centrifugation for well-disperse carbon nanotube samples help in depositing the 
carbon nanoparticles, whereas nanotubes stay suspended in the solution [78, 79].
SWNT
Figure 2.4: Functionalization o f  carbon nanotubes: (A) defect-group functionalization, (B) covalent 
functionalization with chemical groups, (C) noncovalent functionalization with surfactants, (D) 
noncovalent functionalization with polymers and (E) functionalization with C60 [82].
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In general, CNTs tends to aggregate and form bundles due to the large surface area and 
weak Van der Waals forces between the neighboring tube layers which make it difficult to 
obtain a good dispersion of CNTs in aqueous and organic solvents [80, 83]. As a result, 
different techniques have been introduced to overcome this problem. Functionalization of 
carbon nanotubes is a common technique used to obtain a good dispersion of the CNTs in a 
variety of solvents. It is based on the modification of the nanotube surface by introducing 
some chemical groups/attaching molecules to the side wall of the tube, which can form 
chemical bonds with the solvents’ molecules. Generally, functionalization of the nanotubes 
can be classified into two categories: covalent (chemical) and non-covalent (physical) 
functionalization [84]. Figure 2.4 shows some routes that are commonly used to 
functionalize carbon nanotubes.
Covalent functionalization is a common method used to improve the solubility of 
nanotubes in different solvents and is based on the formation of a covalent bond between 
the functional groups and the side-wall atoms of the nanotube. The covalent 
functionalization occurs either directly with a change in the hybridization of carbon atoms 
from sp^ to sp^ or via defects that exist in the nanotube lattice [85, 8 6 ]. Direct 
functionalization of carbon nanotubes can be achieved via reaction with highly reactive 
molecules such as fluorine [8 6 ]. Due to the weak C-F bonds, the fluorine atoms act as sites 
for additional functionalization and can be replaced with amino, alkyl and hydroxyl groups 
[8 6 ]. Beside the fluorination of carbon nanotubes, other direct functionalization methods 
such as chlorination, bromination and hydrogenation have also been reported [84, 8 6 ]. 
Defect functionalization depends on the defect sites at the open ends and/or the side walls 
of the nanotubes. These defect sites can be introduced to the nanotube ends/sidewalls by 
oxidative treatment of the nanotubes with such as nitric acid (HNO3), sulfuric acid (H2 SO4), 
potassium permanganate (KMn0 4 ), hydrogen peroxide (H2 O2), reactive plasma and acid 
mixtures. The presence of the defects in the nanotube lattice after oxidization is associated 
with the formation of some functional groups such as carboxylic acid (-COOH) and 
hydroxyl (-0H) groups on the nanotubes which can be utilized as precursors for further 
addition of organic and inorganic moieties [84-86]. Moreover, the existence of these polar
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groups makes the nanotubes hydrophilic and soluble in water and many organic solvents 
[8 6 ]. The concentration of the carboxylic groups on the nanotube depends on the oxidizing 
agent, treatment temperature and time.
Hatton et al. obtained a good dispersion of SWCNT and MWCNT which remained 
stable for more than six months by functionalizing the nanotubes with oxygenated 
functional groups using a mixture of 3:1 H2 SO4 and HNO3 [87]. Yu et al. treated MWCNT 
with a mixture of nitric and sulfuric acids to create surface functional groups and 
successfully used these groups as nucléation sites for the deposition of platinum (Pt) on the 
nanotubes surface [8 8 ]. Furthermore, the use of surface functional groups to facilitate 
polymer grafting of carbon nanotubes has been reported in many studies [89]. Covalent 
functionalization processes are very useful to modify the surface properties of carbon 
nanotubes, which make them soluble in variety of solvents and prepare them for further 
chemical reactions. However, they adversely affect the nanotubes as they destruct the 
nanotube structure, increase the density of defects and degrade their mechanical and 
electronic properties [84, 90].
Non-covalent functionalization techniques are also used to disperse nanotubes and tune 
their interfacial properties. The advantage of this type of functionalization is that it does not 
destroy the structure of the nanotubes and hence do not alter their properties [84, 8 6 ]. Non­
covalent functionalization takes place via different interaction between the molecules and 
the side wall of the nanotube such as tc-tt, van der Waals and hydrophobic-hydrophobic 
interactions [91, 92]. Carbon nanotubes can be functionalized non-covalently with 
surfactants, polymers and biological molecules [84, 85]. Fei et al. reported non-covalent 
method to functionalize CNTs using polyoxometalate. They found that this is an effective 
method to purify CVD-MWCNTs and disperse them in water [80]. The use of surfactant to 
disperse carbon nanotubes in different solvents has also been reported. Surfactants adsorb 
on the side walls of the tubes, isolate and prevent the nanotubes from sticking to other 
nanotubes in the dispersion. Surfactants are adsorbed on to a solid surface by either 
Coulombic attractions for ionic surfactants or by hydrophilic attractions between the
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surfactant hydrophobic tail and the surface [55]. Different types of surfactant have been 
utilized and tested to disperse CNTs in different types of solvents such as sodium dodecyl 
sulfate (SDS), sodium dodecyl benzenesulfonate (SDBS), dodecyltrimethyl ammomonium 
bromide (DTAB), hexadecyl trimmethyl ammonium bromide (CTAB) and octyl phenol 
ethoxylate (Triton X-100) [93].
Rastogi et al. have studied the dispersion of MWCNT in DI water with the assistance 
of the surfactants [93]. In their study, they have compared the dispersing power of four 
different surfactants: Triton X-IOO, Tween 20, Tween 80 and SDS. They found that Triton 
X-100 has the highest dispersing power followed by Tween 80, Tween 20 and SDS, 
respectively. They attributed the high dispersing ability of Triton X-100 to its benzene ring. 
Furthermore, they found that the concentration of surfactant plays an important role in the 
dispersion of the nanotubes as the excess surfactant has resulted in poor dispersion due to 
flocculation of nanotubes. Similarly, Yu et al. studied the dispersion of MWCNTs by using 
the surfactant SDS. They reported that in order to achieve a good dispersion for CNTs in 
SDS solution, the ratio of SDS to MWCNTs should be at minimum 1-1.5 % by weight. 
Furthermore, they found that more sonication energy is required to disperse high 
concentration of MWCNTs [94].
The use of polymer to disperse the carbon nanotubes has been also reported [82, 84, 
95, 96]. O’Connell et al. solubilize carbon nanotubes in water by wrapping the nanotubes 
with linear polymers such as polyvinylpyrrolidone (PVP) and polystyrene sulfonates (PSS) 
[97]. The polymer poly(metaphenylenevinylene) (PmPV) and its derivatives have also been 
utilized to disperse and stabilize carbon nanotubes in organic solvents [98, 99]. Moreover, 
helically wrapped MWCNT with poly-phenylacetylene (PPAs) has been prepared by Tang 
et al. They showed that the nanotubes are soluble in a range of common solvents such as 
tetrahydrofuran, toluene, chloroform and 1,4-dioxane after polymer functionalization [100].
30
2.3.4. Cuttîngy alignment and separation o f  CNTs
In some applications, controlling the size and alignment of carbon nanotubes is 
required. Sonication of the nanotubes in a mixture of concentrated sulphuric and nitric acid 
for controlling the length of the nanotubes has been reported [60]. Treatment with strong 
oxidants such as H2 SO5 has also been used to cut fluorinated single wall carbon nanotubes 
into small pieces with a length of 50 nm [79]. Moreover, opening of carbon nanotubes also 
has been reported. The end caps of the nanotube are more reactive than the rest of the 
nanotube and this can be attributed to the presence of pentagon structures in these caps. The 
caps can be removed during the oxidization process which allows opening of the nanotubes. 
Some chemicals, such as concentrated nitric acid (HNO3), has been used to open carbon 
nanotubes [59, 60].
Alignment of carbon nanotubes can be achieved by dispersing carbon nanotubes in 
solution and applying AC electric fields or DC electric fields. Even the use of a 
combination of AC and DC fields has been reported [101]. Chen et al. produced highly 
aligned SWCNT between two electrodes by applying an AC electric field. They found that 
the alignment of the nanotubes strongly depends on the frequency and the magnitude of the 
electric field [102]. Similarly, Kumar et al. used AC and DC electric fields to assist the 
alignment of carbon nanotubes and observed the dependence of nanotube alignment on the 
magnitude of the electric field as well. Furthermore, they found that the use of AC field is 
more effective to align the nanotubes especially at high frequencies [103, 104]. It has been 
shown that carbon nanotubes functionalized with iron oxide nanoparticles can be aligned by 
applying relativity small external magnetic fields [105]. The alignment of carbon nanotubes 
has been reported to have significant impact on their electrical and thermal properties [106].
On the other hand, it is necessary for some applications to separate carbon nanotubes
so that devices work properly. For instance, the presence of metallic nanotubes in the
channel of thin film transistors may result in short circuits and hence fabrication of
unusable devices. Therefore, many researchers tried to use different techniques to achieve
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a good separation of semiconducting and metallic nanotubes. One approach is to pass high 
currents through the CNT samples. This high current in turn bums the metallic tubes in air 
and hence removes them from the sample [79]. It is also reported that exposing triton 
dispersed SWCNT to bromine solution can be used to separate metallic and semiconducting 
nanotubes. After centrifugation, the semiconducting tubes remain suspended in the 
supernatant, whereas the sediment is metallic [107]. Another separation method of carbon 
nanotubes into metallic and semiconducting ones use fluorous chemistry by diazonium salt 
reactions [108].
2.4. Silvernanowires
In recent years, there has been an increasing interest in metallic nanowires due to their 
mechanical, electrical, plasmonic, optical and catalytic properties [109, 110]. Silver 
nanowires, in particular, continue to attract substantial interest and obtain a remarkable 
amount of publicity articles in this research area. This interest is driven by the high thermal 
and electrical conductivity of bulk silver, in addition to the simple and low cost synthesis 
techniques and solution processability of Ag NW [109, 111]. These advantages make silver 
nanowires promising materials for different applications such as sensors, transparent 
electrodes, surface-enhanced Raman scattering, a catalyst for other metallic nanostructures 
growth [109, 112].
2.4.1. Growth o f  silver nanowires
Different techniques have been employed to synthesize silver nanowires; however,
they can generally be classified into two main types: template and template free methods.
In the template method, a template such as polycarbonate membranes, nano-channel
glasses, DNA chains and anodic aluminum oxide (AAO) are used to direct and control the
growth of the nanowires [110, 113]. Nano wires with uniform diameter ranging from a few
nanometers to hundreds of nanometers can be obtained by this method. Nevertheless, the
major drawbacks of this method are the high cost and incompatibility with large-scale
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production of the nano-materials [109, 110]. These disadvantages make the template-based 
methods less attractive in comparison with the template-free methods. Most of the 
template-free methods, particularly solution-based methods, are simple and low cost routes 
to produce silver nano wires at large-scale [110, 114].
A variety of solution-based methods has been introduced to synthesize silver 
nanowires with a good control on the morphology, size and material yield. The polyol 
method is a common route used to produce uniform silver nano wires [109]. It was firstly 
reported by Fievet et al. to produce metallic nanoparticles and developed later by the Xia 
group to grow silver nanoparticles and nanowires [111]. In this method, a polyol (an 
organic compound with multiple hydroxyl groups) such as ethylene glycol is used as a 
reducing agent of the silver salt precursors and solvent at the same time [115]. A capping 
agent is also added to the growth reaction to assist the formation of the one-dimensional 
metallic structures. The polymer polyvinylpyrrolidone (PVP) is a widely used as a capping 
agent in the growth process and considered as the most suitable candidate for the soft 
polyol method [109, 115, 116]. It has been found that the concentration and the addition 
rate of the reacting agents are crucial factors in the production of the multiple-twined 
particles (MTPs) which form at the early stages of the reaction and serve as seeds for the 
growth of the nanowires (figure 2.5) [111]. The polyol has been developed further by the 
Xia group to a salt-mediated polyol process where different salts such as (FeClg), Fe(NO)], 
PtCl], CuCli and CuCl are used to control the oxygen amount and reduce the oxidative 
etching effect on the formation of MTPs seeds and as a results increase the yield of silver 
nanowires [110, 111, 117, 118]. The use of seed in the growth of silver nanowires has also 
been reported in the literature [118]. Jana et al. have reported a two step seed-mediated 
growth process to produced silver nanowires [119]. In the first step silver nitrate (AgNOg) 
was reduced to form Ag seeds, which were used in the second step of the reaction to form 
the nanowires. Moreover, silver nanowires were also grown heterogeneously by using gold 
seeds covered with silver shells [111, 120]. Wet chemical growth of silver nanowires in 
water in the absence of seeds and capping reagents has been demonstrated by Caswell et al. 
[121].
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Figure 2.5: Possible crystal structures and growth mechanisms o f Ag nanostructures. The multiple- 
twined crystals (MTPs) serve as seeds fo r the growth o f  Ag nanowires [122].
In general, the growth mechanism of silver nanowires by soft polyol process is based
on controlling the structure of the initial particles that form at the beginning of the growth
process. Silver nitrate is reduced by ethylene glycol according to the following chemical 
reactions [109]:
2 HOCH2 CH2 OH ^  2 CH2 CHO + H2 O (2.4)
2 AgN 0 2  + 2 CH2 CHO - 4  CH2 COCOCH2 + 2Ag + 2 HNO2 (2.5)
The reduced silver atoms aggregate and form nanoparticles homogeneously or
heterogeneously if seed particles are present. The shapes of these nanoparticles determine
the shape of the final nanostructure as shown in figure 2.5. It can be observed from the
figure that the nanowires grow from multiple-twinned particles (MTPs) so, it is important
to control the growth condition in order to enhance the formation of this type of structures
for the production of uniform and high aspect ratio nanowires, and to eliminate other
undesirable crystal structures. The twin defects are high energy sites and therefore become
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preferable sites for the deposition of Ag atoms. In addition, the chemical interaction of the 
capping reagent PVP with the {100} facet which occurs via the Ag-0 bond is much 
stronger than that with the {1 1 1 } facet and as a consequence, the polymer passivates the 
{100} facet and prevent the growth in this direction as illustrated in figure 2.6 [109, 111, 
123]. This allows further addition of Ag atoms to the {111} surface and assists the growth 
of silver nanowires. It has been shown that the synthesis of the nanowires is very sensitive 
to the molar ratio of the PVP to AgNOg and as the ratio increases the nanostructures 
undergo shape transformation from different random shapes to nanowires and nanoparticles 
respectively. The effect of the PVP chain length on the growth of Ag NWs has been 
investigated and found to affect both the length and yield of the grown nanowires [124]. 
Moreover, the reaction temperature has been found to play an important role in the 
morphology and yield of the final products with no report on the growth of nanowires using 
soft polyol method with reaction temperature below 100 °C. Other factors like the 
controlling agent type in the salt-mediated method, type of the seed in seed-mediated 
process and the use of shielding gas during the growth process have also been investigated 
and utilized to control the formation of silver nanostructures [109, 118, 123, 125].
Ag atom s 
PVP
Figure 2.6: Mechanisms o f  Ag nanowires growth from the multiple twinned particles: (A) Growth 
o f silver (MTP) into nanowires and (B) The role o f PVP in the passivation o f the 100 - facet and 
preventing the growth in this direction [122].
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2.4.2. Properties and applications o f  silver nanowires
Bulk silver has a thermal conductivity of 4.29 W/K.cm and electrical conductivity of 
6.2 X 10^  S/cm, which are considered the highest among all metals. These properties along 
with the excellent mechanical and optical properties which can be tuned based on the 
morphology and the size of the nanostructure make silver nanostructures attractive 
materials for many researchers to explore their properties and possible uses. In addition, 
silver structures in general and nanowires in particular have been utilized to investigate and 
understand material properties such as electronic transport and optical phenomena on the 
nano-scale [115, 123, 126, 127].
Silver nanowires have been shown to be very promising candidates for many 
applications. They have been used as a template to grow other hollow metallic 
nanostructures such as gold and platinum nanotubes [128]. Another important application 
of silver nanowires is their use in surface-enhanced Raman scattering (SERS) which is a 
very useful technique for interfacial and thin-film structural characterization [129]. In the 
visible region, silver nanowires show the most effective (SERS) signal in comparison with 
other metals due to their excellent optical properties [130]. Furthermore, the use of silver 
nanowires as plasmonic waveguides propagation loss of surface plasmon polaritons (SPP) 
has been investigated [131]. The nanowires have also been employed as a sensing element 
for ammonia vapour (NHg) by Benjamin et al. [132]. The sensor shows relatively high 
sensitivity with fast and reversible responses. Similarly, Yang et al. have fabricated a 
sensor based on silver nanowires and tested it for the detection of hydrogen peroxide 
(H2O2) and glucose [133]. The response of the sensor towards H2 O2 was linear and fast with 
detection limit of 2.3 pM. The glucose biosensor was used for detecting glucose in the 
blood sample with a sensitivity of 15.86 fiAJmM.cm^.
Alongside these important applications, silver nanowires have high potential to be used 
as transparent electrodes and to replace the traditional transparent electrodes in touch 
screens and optoelectronic devices such as organic solar cells (OSCs) and light emitting
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diodes (OLEDs). The use of nanowire mesh as transparent electrodes was proposed initially 
by Lee et al. and afterwards became a very interesting research area for many groups [112]. 
The Lee group has demonstrated solution-processed Ag NW-based electrodes with 
electrical and optical performance equivalent to that of traditional metal-oxide transparent 
electrodes. Silver nanowire networks with sheet resistance less than 15 Clin and optical 
transmittance in the range of 80 - 85% have been reported in the literature and shown to 
have high compatibility with flexible substrates and stable performance against mechanical 
bending [134-136]. The junction resistance between silver nanowires has been measured 
and found to be in the range of 1.5 KÜ for a single junction [137]. The resistance at the 
nanowire-nanowire junctions has been shown to drop by three orders of magnitude after the 
photo thermal curing of nanowire networks and was attributed to the improved electrical 
connection of the nano wires [138]. A similar effect has been achieved using thermal 
treatment, mechanical pressing and gold coating of the nano wires [134, 136, 139].
2.5. Conductive nano-composites
In conductive nano-composites, advantages of both the polymer and the conductive 
nanostructure such as carbon nanotubes and silver nanowires are combined in order to 
produce highly conductive, transparent, light weight and flexible composite materials. 
These conductive nano-composite can be used in different applications such as solar cells, 
light emitting diodes, printable conductors, transparent electrodes, supercapacitors, field 
effect transistors, sensors and conductive coatings [140-143]
2.5.1. PEDOT:PSS/MWCNTnano-composites
Different methods are used to prepare polymer/CNT composites such as solution
mixing, melt mixing and in-situ polymerization [85]. Solution mixing is a common method
to prepare nano-composite materials. The nanotubes are dispersed in a suitable solvent and
then mixed with the polymer and the nano-composite is obtained by evaporation of the
solvent. The melt mixing method is used to disperse nanotubes in thermoplastic polymers
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under high temperature and mechanical mixing. The method is simple and suitable for 
industrial applications. In-situ polymerization techniques produce nano-composites with 
strong interaction between the polymer and nanotubes. It is based on dispersing carbon 
nanotubes in a monomer which is then polymerized to produce the nano-composites.
The use of MWCNT to improve the conductivity of PEDOTiPSS has been reported by 
many research groups [144, 145]. The improvement in the conductivity is believed to be 
due to the nanotubes connecting the conductive island in the polymer matrix, act as 
conductive channels and assist carrier transport through the insulating barriers. 
Furthermore, it-n interaction in the nano-composite increase charge delocalization on the 
polymer chains and leads to conductivity improvement [146]. Yun et al. prepared 
composite of PEDOTiPSS and different concentrations of MWCNT and reported a 
significant decrease in the sheet resistance of the spun coated layers to about 700 Q/n after 
adding the MWCNTs. However, a reduction in the film transparency also has been 
observed with increasing CNT concentration [147]. Similarly, Chen et al. studied the effect 
of adding sorbitol-modified MWCNT on the electrical properties of the PEDOTiPSS and 
reported a decrease in the electrical resistance from 8  xlO^ for PEDOTiPSS film to 260 
Qcnf^ for the nano-composite film. They noticed that the dispersion of the nanotubes in the 
composite sample significantly improved after sorbitol functionalization [148]. 
PEDOTiPSS/MWCNT composites prepared through a polymerization process exhibited 
low surface resistance and high transmittance in the visible range in comparison with 
PEDOTiPSS film [149]. On the other hand, degradation in the electrical properties upon the 
incorporation of the nanotubes has been observed in different studies [144, 150, 151]. 
Denneulin et al. studied the effect of MWCNT to the PEDOTiPSS ink at different 
concentration. They reported an increase in the sheet resistance after the incorporation of 
the nanotubes and attributed that to the effect of insulating functional groups attached to the 
surface of the nanotubes. They concluded that the properties of the printed patterns are 
strongly affected by the nature and concentration of carbon nanotubes in the ink [150].
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In general, the electrical properties of polymer/CNT conductive composites were 
shown to be improved by achieving some degree of alignment of the nanotubes in the 
composite. Haggenmueller et al. reported an improved conductivity of Poly(methyl 
methacrylate) PMMA-SWCNT nano-composite films with aligned nanotubes [152]. 
Similarly, enhancement in the electrical and thermal conductivity in epoxy-CNT composite 
after the alignment of the nanotubes was as also observed by Choi et al. [153]. The 
improvement was attributed to the formation of more effective percolation paths and/or the 
reduction of disorder as a result of the alignment of the nanotubes. This effect was also 
reported in some theoretical studies like the one conducted by Du et al. [154, 155]. They 
concluded that the highest conductivity of the nano-composite can be attained with partially 
aligned nanotubes. However, no information on the alignment of the nanotubes in 
PEDOT:PSS/CNT composites is available.
In terms of the uses of the conductive nano-composite in practical applications, higher 
performance organic thin film transistors with PEDOT:PSS/MWCNT nano-composite as 
S/D electrodes have been demonstrated. Mobility and on/off ratio of the transistors 
improved from 0.05 {cm^/V.s), 1 x 10^  to 0.2 {cm^/V.s) and 5 x 10^  for nano-composite and 
PEDOT:PSS electrodes, respectively [147]. Beside this, the use of the conductive nano­
composite as electrodes in supercapacitors has been reported [156, 157]. Improving the 
efficiency of organic photovoltaic cells using PEDOT:PSS/MWCNT has been reported in 
the literature also [158]. Senthilkumar et al. used conductive nano-composites to transport 
holes in the solar cell and achieved twice the efficiency of the device with PEDOTiPSS 
only. They explained the impact of the nanotubes on the device performance in terms of 
their high work function and good conductivity. Moreover, PEDOT:PSS/MWCNT 
composites have been utilized as counter electrodes in high efficiency dye-sensitized solar 
cells [159, 160]. PEDOT:PSS/MWCNT is also used to improve the efficiency of organic 
light emitting diodes (OLED). Wang et al. observed high luminance intensity and a 
decrease of tum-on voltage after the incorporation of the nanotubes in the hole injection 
layer, the PEDOT:PSS [161]. The enhancement in the device performance is attributed to 
the improvement in the electrical properties of the conductive polymer. In gas sensing
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applications, PEDOT;PSS/MWCNT nano-composite based gas sensors show high 
sensitivity ( ~ 28 %) to low ammonia (NH 3) concentration (100 ppm) with good 
reversibility [162]. These examples, in addition to many others reported in literature, 
highlight the importance of these conductive nano-composites and demonstrate their high 
potential for numerous applications.
2.5.2, PEDOT.’PSS/Ag N W  nano-composites
Silver nanowires thin films, as mentioned previously, exhibit excellent optical and 
electrical properties in comparison to other conductive structures. Therefore, it has high 
potential to compete with conventional transparent metal oxide electrodes. Figure 2.7 
shows a comparison of optical-electrical properties of silver nanowires with those of other 
prospective conductive nanostructures. However, the high roughness of Ag NWs network 
(rms ~ 50 nm) is a major issue in some applications as it is more likely to short circuit the 
device and therefore, may limit the use of the nanowires in device applications.
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Figure 2.7: Transmission vs. sheet resistance o f  nanostructures based thin films, silver nanowires 
show excellent optical (high transparency) and electrical (low sheet resistance) properties in 
comparison with other nanostructures such as graphene, carbon nanotubes and silver flakes [163].
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Different methods have been reported to reduce the roughness of the film including 
mechanical pressure, optical and thermal treatments [134, 136, 138]. In addition, an 
effective way to overcome this problem is to add the nanowires to conductive polymer 
PEDOTiPSS. The nanowires can be embedded in or coated with PEDOT;PSS to improve 
the conductivity of the polymer and to produce smooth nano-composite thin film. 
PEDOT:PSS, beside its role in planarizing the surface, fills the gaps between the nanowires 
and enhance the conductivity of the nanowires network further [134, 164]. PEDOT:PSS/Ag 
NWs composites are very promising transparent electrode materials which could replace 
the expensive brittle metal oxide electrodes [165].
Although the polymer/metallic NW composites are newly emerging transparent 
electrodes, there are already a number of reports on the properties and uses of 
PEDOT:PSS/Ag NW nano-composites. Gaynor et al. embedded silver nanowires in 
PEDOT:PSS and used the nano-composite to fabricate photovoltaic cells. They reported a 
low sheet resistance of 1 2  D/o and high transparency of 8 6 % for the nano-composite film. 
They also showed that the performance of the solar cells with the nano-composite film is 
similar to those with ITO in the case of glass substrates and better than the ITO in the case 
of plastic substrates [166]. Similarly, Yu et al. fabricated photovoltaic cells on 
PEDOT:PSS/Ag NW thin film with a performance comparable to that with ITO. In their 
study, they concluded that the use of long and short nanowires in the composite helps to 
improve the efficiency of the device by improving the nanowires coverage and the film 
transparency [167]. The high performance-stability of flexible solar cell based on 
PEDOT:PSS/Ag NW composite electrodes against mechanical bending has also been 
shown [168]. The utilization of PEDOT:PSS/Ag NWs as the transparent electrode in 
organic light emitting diodes (OLEDs) has also been demonstrated in a few studies. High 
performance blue, green and red LEDs on PEDOT:PSS/Ag NW composite electrodes with 
luminescence in the range of 15 - 40 x 10^  cd/m^ have been successfully fabricated by Li et 
al. [169]. Furthermore, PEDOT:PSS/Ag NW based OLED with higher light intensity and 
lower operating voltage than that with ITO has been reported [170]. The enhancement of 
the light intensity with the voltage was attributed to the light scattering by the nanowires.
41
2.6. Processing o f conductive nano-composites
The possibility of processing the organic materials from solution allows for innovation 
of different simple and cheap fabrication methods that are compatible with large scale 
production, more than that in the case of inorganic materials [171]. Furthermore, most of 
these solution-based techniques are suitable for the reel-to-reel production of electronic and 
optoelectronic devices which would have a great impact on the cost of the final product. 
Figure 2.8 shows some of the solution-based methods that are used to deposit organic 
materials. Among these technique, inkjet printing and spray coating are very promising and 
have been used to deposit a variety of organic and inorganic materials. Moreover, they are 
simple, cheap and compatible with large area production of organic devices.
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Figure 2.8: Solution-based techniques for the deposition o f  the organic and inorganic materials. 
These techniques provide simple and cheap route to fabricate various electronic devices and most 
o f them are compatible with large-scale applications [172].
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2.6.1, Inkjet printing technique
The inkjet printing technique is considered to be the most promising for depositing 
organic compounds and the production of future printed electronics. The inkjet printing 
technique is simple, low-cost and a non-contact technique [173]. Furthermore, it can be 
used for direct patterning and writing of electronic circuits. In fact, this combination of 
organic materials and printing techniques can be considered as a key factor in the 
enhancement of the electronics industry. Although the ink-jet technology has been used in 
the electronic industry for several years, only a few groups were able to produce all-printed 
electronic devices using this technique. Many researchers have used the ink-jet printing 
technique to print some components of electronic devices and have completed the 
fabrication of these devices using some other complicated techniques. One of the most 
important reasons behind this is the need to prepare and develop electronic materials that 
can be printed and is compatible with this technique.
Inkjet printing techniques depend on the manner the ink is jetted and can be classified 
into two types: continuous inkjet printing (CIJ) and drop on demand (DOD) inkjet printing. 
Continuous inkjet printing is generally used for commercial purposes such as marking, 
coding and labeling, where the printing speed is considered an important factor [174]. 
However, the size of drop generated by this technique is big (~ 150 pm), which leads to low 
resolution of the printed patterns [175]. This technique depends on an effect known as the 
Rayleigh-Tomotika instability. The droplet is formed and jetted by generating a periodic 
perturbation in the liquid which in turn leads to droplets jetting [176]. Each droplet is 
charged by applying an electrical potential to the nozzle and therefore can be controlled by 
using charge deflectors as shown in figure 2.9.
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Figure 2.9: Schematic diagram o f ink je t printing technique: (A) Continuous ink jet, (B) Thermal 
Drop on Demand and (C) Pizoelectric Drop on Demand [175j.
Drop on demand ink jet printing techniques are the most promising and dominant in 
the electronics industry due to their good resolution, high accuracy and compatibility with a 
wide range of materials. In DOD ink jet printers, the droplet is jetted either thermally or 
piezoelectrically. In thermal DOD printers, jetting droplets is based on heating the ink by a 
thermal transducer to form a vapour bubble that drives the ink through the nozzle. This type 
of printer is much more compatible with aqueous inks and therefore a limited number of 
materials can be printed using this technique. Nearly all desktop and common printers use 
the thermal DOD technique. In piezoelectric DOD printers a voltage signal is applied to 
deform a piezoelectric material, which in turn results in a rapid change in volume and 
therefore generates an acoustic pulse that jets the droplet [174, 177]. Piezoelectric printers 
can be used to print a variety of inks based on different types of solvent. Moreover, the 
drop size and velocity can be controlled easily by tuning the printing parameters [175].
Materials printing with DOD technique is a complicated process involving many 
parameters in terms of ink jettability and printing quality, that need to be controlled. As a 
consequence, significant effort has been made to understand the printing of materials
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starting from drop generation to pattern deposition and solidification [173, 176, 177]. A 
number of theoretical studies were conducted in order to evaluate fluid jettability. In his 
review paper, Brian Derby presented different physical constants that can be used to assess 
the ink with Newtonian behaviour as follows [175]:
Reynolds number Re = ^  (2.6)
1
Weber number We = (2.7)
Ohnesorge number Oh = (2.8)
where, v is the velocity, p is the density, rj is the dynamic viscosity, y is the surface tension, 
dn is the nozzle size and a is the characteristics length. He proposed that for stable 
formation of the drops the value of the parameter Z {Z=l/Oh) should be between 1 and 10. 
The low Z value is for the more viscous inks and these that have less ability of drop jetting. 
Whereas the high Z value has a higher probability of satellite droplets [175]. Furthermore, 
he reported that enough jetting velocity is required for the droplets to overcome the surface 
tension at the nozzle and for that the value of the Weber number in eq. 2.7 should be greater 
than 4. Moreover, in order to achieve stable jetting for the given ink, it is important to find 
out the wave function (acoustic pulse) that suits the ink. This again depends strongly on the 
viscosity and the surface tension of the fluid. Jetting of droplets with a long tail may result 
in satellite drops before the impact on the substrate or non-circular drops after the impact 
and hence low quality printing. This unwanted effect can be minimized by adjusting the 
distance between the printing head and the substrate to be 2-3 mm. This will allow the 
ligament to merge with the main drop head prior to the impact. However, increasing the 
drop flying distance may affect the droplet positioning accuracy [175].
Experimental studies confirmed that the viscosity of the ink and surface tension have a 
great influence in the printing process [178]. It has been reported that the viscosity value
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should be below 20 mPas, otherwise droplet ejection would not occur [176]. Very low 
viscosity values are also not desirable. The low viscosity values lead to higher velocity and 
as a result formation of a drop with a long tail. Furthermore, the value of surface tension 
should be in the range of 28 mN/m to assure uniform wetting of the print head nozzles and 
to prevent droplets from travelling at an angle [174]. Particle size is another important 
factor in the ink jet printing technique since particles with the size of 1 pm or more may 
clog the nozzles and cause printing problems. Moreover, solvents with low volatility are 
preferable to prevent nozzle clogging [174]. In addition, the effect of solute’s molecular 
weight on the drop formation cannot be neglected [176].
In terms of printing quality, different methods have been used to improve the quality of 
the printed layers and to avoid pinholes and the so-called coffee ring effect. This effect 
occurs due to the high evaporation rate at the center of the drop which causes the flow of 
the material towards the boundary of the drop. To reduce this effect, increasing the 
substrate temperature and the ink viscosity have been reported [177]. Moreover, a mixture 
of low-boiling and high boiling point solvents can be used to improve the homogeneity of 
the printed layers [173]. On the other hand, the speed of the print head and drop spacing 
have been shown to play an important role in the stability and shape of the printed layers 
[175]. To improve the resolution, which is normally limited by the nozzle size, dilute 
solutions can be used to print patterns with resolution smaller than the nozzle size. 
Alternatively, controlling the surface energy of the substrate, for example by using OTS- 
SAM (Octadecyltrichlorosilane self-assembled monolayer), is practical to achieve better 
resolution for the printed samples [173, 179].
Ink-jet printing of organic, inorganic and organic-inorganic nano-composite materials 
has been reported in the literature. Metallic inks were simply and directly printed and used 
in several electronic applications. Low resistive (pQ.cm) contacts of silver, copper and 
nickel were successfully ink-jet printed by Kaydanova et al. [180]. Printing conductive 
patterns of carbon nanotubes has been demonstrated by many research groups as well [181, 
182]. Kordas et al. prepared conductive patterns of MWCNT on paper and plastic
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substrates with sheet resistances in the range of 40 kQ/sq by using an ink-jet printing 
technique [182]. The ink-jet printing technique has also been utilized in the fabrication of 
organic solar cells. Successful printing of conductive layers from a solution containing 
PEDOTiPSS and active layers from a solution of poly(3-hexylthiophene) (P3HT) with 
(6 ,6 )-phenyl Cgi-butyric acid methyl ester (PCBM) and Cgo for solar cell fabrication has 
been reported by research groups [38, 183-186]. Kawase et al. used ink-jet printed 
PEDOT:PSS as source, drain and gate electrodes, with 5 pm channel length to fabricate 
thin film transistors with spin-coated insulating and semiconducting layers [187]. Ink-jet 
printing of single wall carbon nanotubes, TIPS-pentacene and the liquid-crystalline 
polymers Poly(9,9-dioctyl fluorene-cobithiophene) (F8T2) as an active layer in OTFT has 
been reported in the literature [188-193]. In addition, all ink jet printed transistors have 
been successfully fabricated on polyethylenesulfone (PES) substrates by Kim et al. The 
mobility of the printed device was 3.5 x 10'^  cm^/Vs and the on/off ratio was about 10^  
[194]. In the field of organic light emitting diodes, Lopez et al. and Yoshioka et al. have 
successfully fabricated and tested an organic light emitting diode with an ink-jet printed 
PEDOT:PSS film as an electrode. [15, 195, 196]. Yun et al. made use of the ink-jet printing 
technique to fabricate CNT-based gas sensors to detect NO2 gas with good sensitivity 
[197].
2.6.2, Spray coating technique
Spray coating is a simple, cost-effective, non-contact and large-area deposition
technique. Samples prepared by the spray technique can be treated thermally during the
deposition unlike other solution deposition techniques which required additional thermal
treatment. The technique has been employed to produce organic and inorganic films with a
range of thicknesses, in addition to multi-layered films [172, 198]. A variety of metal oxide
thin films such as SnOz, ZnO, T1O2 and WO3 with tunable properties has been prepared by
the spray technique. Moreover, the deposition of binary and ternary chalcogenide thin films
such as CdS, CdTe, ZnTe, CuInS2 and CuInSe2 has been reported. Spray technique has also
been utilized to deposit various organic small molecules and polymeric materials such as
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TIPS-pentacene, poIy(3-hexyl thiophene) (P3HT), Polyvinylpyrrolidone (PVP) and poly (3, 
4-ethylenedioxythiophene)-polystyrenesulfonic acid (PEDOTiPSS) [178, 199-202].
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Figure 2.10: Schematic diagram o f spray technique setup showing the various component o f  the 
technique. The solution is sprayed through the spray nozzle onto the substrate at controlled 
temperature by applying gas pressure to the solution reservoir [203].
Different modes of spraying techniques such as spray coating, spray pyrolysis, thermal 
and cold spray have been used to deposit a wide range of materials on different types of 
substrates [204, 205]. In the direct spray coating method, the film forms on the substrate by 
simply spraying the material from a suitable solvent. Solvent with low viscosity and boiling 
point are more applicable for the spray technique [172]. The spray pyrolysis technique is 
another eommon method used for direct growth of the film on the substrate via precursor 
decomposition at elevated temperatures [172]. The atomization of the solution in the spray 
pyrolysis teehnique into a spray of fine droplets through the nozzle can be attained by air 
blast, ultrasonically and electrostatically [198]. In thermal spray method, molten or semi- 
molten materials are jetted through thermal nozzle towards the substrate where it solidifies
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and forms the film [205]. The cold spray process is based on jetting powder particles at 
high speed where they combine upon the impact on the substrate and form the film [204]. 
Surface tension of the solution, substrate roughness and temperature strongly influence the 
spreading of the sprayed droplets on the substrate and hence the film properties. Moreover, 
the nozzle size and nozzle-substrate distance are key parameters and can be utilized to 
control the morphology and the properties of the deposited films. In general, the setup of 
spray technique is simple and usually contains an atomizer, solution reservoir, substrate 
heater, and temperature controller as shown in figure 2.10 [198, 203, 206].
The spray technique is one of the most effective and promising methods for the 
deposition of various components of electronic and optoelectronic devices. It has been 
intensively utilized to prepare transparent conductive oxides of different compounds [172]. 
Spraying of conductive layers of carbon nanotubes and silver nanowires has been 
demonstrated [207, 208]. The deposition of the conductive polymers PEDOTiPSS as a 
hole transport layer and top electrode in solar cells has also been reported [200, 209]. 
Moreover, all spray coated semitransparent inverted solar cells has been fabricated and 
tested by Kang et al. [210]. The cell shows power conversion efficiency of 2.41% and good 
stability in air with degradation of about 20% of the original efficiency over a period of one 
month. Dielectric films of polymer-based nano-composite with high breakdown strength 
and low leakage current have also been prepared by spray coating. In addition, highly- 
crystalline TIPS-pentacene with decent performance has been spray deposited for organic 
thin film transistor. These examples further confirm the versatility of spray deposition 
technique for devices and large area applications.
2. 7. Summary
The properties and application of the conductive materials PEDOTiPSS, carbon
nanotubes and silver nanowires have been reviewed. PEDOTiPSS shows good
conductivity, good transparency, excellent thermal stability and mechanical flexibility.
Furthermore, it has been utilized in a large number of applications. Carbon nanotubes
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exhibit outstanding mechanical, thermal and electrical properties and therefore they can be 
employed in many applications. Their properties depend on many factors including their 
type, quality, chirality and their diameter. Moreover, their interfacial properties can be 
tuned via functionalization with chemical groups or polymer molecules. Silver nanowires 
also are very promising candidates due to their thermal and electrical conductivity and can 
find application in many areas. They can be grown by various simple solution-based 
methods with high aspect ratio and high potential to replace the traditional transparent 
conductors. In addition, the nano-composites materials based on combining the conductive 
polymer, PEDOTiPSS, and the conductive nanostructures, carbon nanotubes and silver 
nanowires, would have excellent combination of the properties of these materials such as 
high conductivity, high transparency, excellent mechanical flexibility and thermal stability. 
Furthermore, the possibility of processing these nano-composites from solution by using 
simple and cheap deposition technique such as inkjet printing and spray coating would have 
a great positive impact on the performance and the cost of the devices based on these 
materials.
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CHAPTER 3:
Experimental Details
3.1. Introduction
This chapter describes the materials, preparation and characterization techniques used 
in the current study and is divided into two main sections: the preparation methods and the 
characterization techniques.
3.2. Materials
The conductive polymer Poly(3,4-ethylendioxythiophene)-poly(styrenesulfonate) 
(PEDOTiPSS) Clevios™ P Jet HC and Clevios™ P VP Al 4083 were purchased from 
Heraeus-Clevios, Germany. Pristine multi-walled carbon nanotubes (product no. 694185, 
0.5-20 pm length, 7-15 nm outer diameter, 3-6 nm inner diameter and 3-19 walls) was 
purchased from Sigma Aldrich. Silver nitrate (AgNOs) (product no. 204390), Poly(4- 
vinylphenol) (PVP-40) (product no. 81420), and ethylene glycol (EG) (product no. 293237) 
were also purchased from Sigma Aldrich. Copper Chloride (CuCb) (product no. 
315281000) was purchased from Acros organic. The semiconducting polymer poly (9,9- 
dioctylfluoreneco-benzothiadiazole) (F8TB) was purchased from American Dye Source 
Inc. and the small molecule 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) from 
Luminescence Technology Corporation.
3.3. Preparation techniques
This part describes the techniques used to prepare the samples starting from the 
substrate cleaning through to the deposition of the materials using ink-jet printing, spin
61
coating or spraying techniques. It also includes the pre- and post- treatment methods which 
were applied to the nano-composite samples.
3.3.1, Substrate cleaning
Glass (Micro-slide glasses) and Polyethylene terephthalate (PET) substrates were 
used in this study. The glass substrates were cleaned by sonication for 5 minutes in acetone, 
isopropanol and methanol, respectively. After each cleaning step the substrates were 
removed from the cleaning beaker and dried with nitrogen before transfer to the next 
solvent. Finally, an oxygen plasma was used (EMS 1050 plasma Asher at 100 watt, 15-20 
seem and for different time periods) to treat the substrate surface and to remove any organic 
contamination. To clean the PET, the substrates were rinsed with ethanol and then dried 
with nitrogen.
3.3.2. Dispersion o f  Carbon nanotubes
Pristine Multi wall carbon nanotubes (MWCNTs) are aggregated and exist in large 
bundles due to van der Waals interactions between the individual nanotubes, including 
extraneous carbonaceous debris that bind nanotubes. To make use of carbon nanotubes in 
different applications, good dispersions of the nanotubes are required. In this study, the 
dispersion of the nanotubes was achieved via two routes; covalent functionalization of the 
nanotubes with functional groups and non-covenant functionalization of the nanotubes with 
surfactant and polymer molecules. Attaching chemical groups such as hydroxyl and 
carboxyl groups covalently assists the dispersion of the nanotubes in many solvents. 
However, it has been shown that this type of functionalization alters the electronic 
properties of the nanotubes [1]. To achieve good dispersion of the nanotubes and keep their 
properties unchanged, non-covalent functionalization can be used. It is based on the 
interaction between the molecules and the side wall of the nanotube via different processes 
such as TT-TT, van der Waals and hydrophobic-hydrophobic interactions [2, 3]. In this study 
three methods were applied to functionalize carbon nanotubes as shown in figure 3.1.
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Figure 3.1: Functionalization routes o f MWCNT used in this work: (A) covalent acid, (B) non­
covalent surfactant and (C) non-covalent polymer functionalizations.
3.3.2. a. Covalent functionalization o f  CNT via acid treatment (O-MWCNT)
Acid treatment of carbon nanotubes was carried out by following the procedures 
reported by Hatton et al. [4]. The treatment was done to covalently attach hydroxyl and 
carboxyl functional groups to the nanotubes. 250 mg of MWCNTs were put in a round 
bottom flask and mixed with a 1:3 mixture of nitric acid and sulfuric acid using a sonication 
bath for 10 minutes to mix the nanotubes with the acid mixture. After that, the nanotube- 
acid mixture was refluxed at 130 °C for 1 hour. Then, the mixture was diluted with 
deionized water and centrifuged for 10 minutes at 8500 rpm. The supernatant was removed 
and the remaining solid content was washed several times over a 0.2 pm polycarbonate 
filter. In order to disperse CNTs in Dl-water, the filter was immersed in Dl-water and 
sonicated for a few minutes using sonication bath. The dispersion was centrifuged three 
times at 8500 rpm for 10, 20 and 30 minutes respectively. Each time the supernatant was 
collected and centrifuged again until a black clear and stable suspension was obtained.
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3.3.2,b. Non-covalent functionalization o f  CNT with surfactant (S-MWCNT)
The surfactant, sodium dodecyl sulfate (SDS), was used to assist the dispersion of 
carbon nanotubes in water. 1 wt% of SDS was dissolved in Dl-water and the solution was 
sonicated for 10 minutes using a sonication bath to assure that SDS is completely dissolved 
in water. 30 mg of raw multi-wall carbon nanotubes were added to 10 ml of SDS-water 
solution and sonicated using a sonication probe at 35 watt for 20 minutes at room 
temperature (Cole-Parmer, ultrasonic processor). An ice bath was used in order to maintain 
the temperature of the solution. After sonication, a turbid solution of carbon nanotubes was 
obtained. To remove the undissolved particles and big bundles from the solution, the 
dispersion was centrifuged at 8500 rpm for 10, 20 and 30 minutes respectively. Each time 
the supernatant solution was collected, and centrifuged again, until a very well and clear 
dispersion of carbon nanotubes was obtained.
3.3.2.C: Non-covalent functionalization o f  CNT with polymer (P-MWCNT)
PEDOT:PSS was used to disperse CNT by wrapping the nanotubes with the 
polymer chains. Different concentrations (0.5 - 2.0 mg/ml) of pristine multi-walled carbon 
nanotubes were added to a mixture of water and ethanol (80:20 by weight) and pre­
dispersed by sonication probe (at 35 watt for 20 minutes at room temperature). The use of 
water and ethanol is to keep the surface tension of the composite ink the same when the 
CNT dispersion is added to PEDOT;PSS ink. Then, 1-2 mg/ml of PEDOTiPSS was added 
to the CNT solution and sonicated for another 30 minutes. An ice bath was used at all 
stages to maintain the temperature and to avoid the evaporation of the solvent. After 
sonication, a good dispersion of CNT was produced. The dispersion was then centrifuged 
for 5 min at 6000 rpm to remove the aggregated CNT and the large particles from the 
solution and the supernatant solution collected.
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3.3.3. PEDOT.'PSS/CNT Ink preparation
CLEVIOS™ P Jet HC is a water based dark blue liquid with a solid content in the 
range 0.6 -  1 %, viscosity ~ 20 mPas and pH value from 1.5 to 2.5 at room temperature. 
This ink is compatible with inkjet printers and ready to be used to print conductive patterns 
once it is loaded in the printing cartridges. However, it was noticed that the PEDOTiPSS 
ink sometimes contains large particles, especially when stored for a long time period which 
makes the printing process in this case very difficult. This is because the ink particles over 
time tend to aggregate and form large particles which in turn clog the nozzles of the printer 
cartridges. So, it is necessary to sonicate, filter and sometimes dilute the ink before using it. 
PEDOTiPSS ink was mixed with carbon nanotubes in order to combine the processability 
of the polymer with the high conductivity of carbon nanotubes [5] to produce flexible, 
transparent and highly conductive patterns and/or layers which might be used either as 
electrodes, interconnects in electronic circuits or as a hole transport layer in solar cells and 
light emitting diodes.
The nano-composite inks were prepared by mixing different quantities of carbon 
nanotube dispersions with the PEDOTiPSS ink. The ratio of 0-MWCNT, S-MWCNT and 
P-MWCNT dispersions in the ink was varied as 0.01, 0.02, 0.03, 0.04 and 0.05 wt.% in 
order to study the effect of MWCNT concentration on the properties of the printed layers. 
At each concentration, the composite ink was sonicated for 30 minutes to obtain 
homogenous mixtures. Then, a syringe with 0.2 pm filter was used to fill the printing 
cartridges. The cartridges then were left under low vacuum (~10‘^  mbar) for 1-2 hours for 
degassing.
3.3.4. Inkjet Printing o f  PEDOT:PSS/CNT nano-composite samples
Conductive patterns of PEDOTiPSS and PEDOTiPSS/CNT were printed using the
ink-jet printing technique. The Dimatix DMP-2831 printer (shown in fig. 3.2) with
piezoelectric print heads was used to print the conductive layers. The printer has a large
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platen with a vacuum pump to hold the substrates during the entire printing process. The 
platen also can be heated up to a maximum temperature of 60 °C in case substrate heating 
is needed. The substrate temperature can be used to improve the quality of the printed 
layers and, sometimes, to suppress the formation of the coffee ring in the samples. The print 
head operates in piezoelectric mode and jets the ink through 16 nozzles, each of size 21.5 
pm and separated by an equal distance of 254 pm. The print head can be heated to a 
temperature of 70 °C which helps to reduce the viscosity when printing viscous ink. The 
print head can move in the XY plane to allow the printing of two-dimensional structures. 
The jetting of the droplet can be controlled by the firing voltage and a waveform which can 
be modified to suit the printing requirements. It is recommended for the ink to be used with 
this printer to have a viscosity between 10-12 cPs (1.0 x 10^- 1.2 x 10'  ^Pa*s) at operating 
temperature, surface tension in the range 28 - 33 dynes/cm (0.028 - 0.033 N/m) and particle 
size less than 0.2 pm (< 1/100 the size of the nozzle). Furthermore, degassing of ink is 
suggested, especially in the case of aqueous-based inks in order to achieve nice jetting and 
high printing quality.
Figure 3.2: Dimatix 2831 ink-jet printer used in this work to print PEDOT:PSS and 
PEDOT.'PSS/MWCNT nano-composites layers.
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In order to improve the quality of the printed patterns/films, it is very important to 
optimize the printing parameters and make them suitable for the printed ink. These 
parameters include jetting voltage and droplet speed, drop spacing, distance between the 
printing head and the substrate and jetting frequency. Furthermore, the printing waveform 
needs to be adjusted to achieve stable jetting and to ensure homogeneous and uniform 
printing of the patterns/films.
5.5.5. Growth o f  silver nanowires
Silver nanostructures were grown via polyol (Ethylene Glycol) reduction of AgNOg 
according to the following reaction:
O2
AgNO^ ^  Ag'^ + NO^ Ag^ neuclei Nano — structures  (3.1) 
EG
The growth of the nanostructure was performed according to the procedures reported 
by Kylee et al. [6]. 10 ml of ethylene glycol was put in round-bottom flask, heated up to 
160 °C using an oil bath and left for 1 hour under continuous stirring at 280 rpm. Then, 0.1 
ml of 5 mM of CuCli in ethylene glycol was added. After 15 minutes, 3 ml of 1 wt. % of 
PVP-40 in ethylene glycol and 3 ml of 100 mM AgOg in ethylene glycol were injected into 
the solution respectively. The injection of the polymer and the metal salt was done at a slow 
rate (~ 1 ml/min) in order to prevent any non-homogeneous nucléation of the 
nanostructures. As time passes, the solution undergoes a continuous colour change from 
colourless at the beginning to yellow, to red -  orange, to cloudy, to cloudy gray after 1 
hour. At this stage, the reaction flask was removed from the oil bath and left to cool down 
to room temperature. In order to remove EG, excess PVP and side nano-structured 
products, a washing cycle of the nanowires solution is required. 30 ml of acetone was 
added and the solution was centrifuged at 2000 rpm for 20 minutes. This process was 
repeated three times and each time the supernatant was discarded and same volume of 
acetone was added. Then the purified silver nanowires were re-dispersed in 40 ml of
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ethanol. The reaction setup and the nanowire solution at the end of the growth process are 
shown in figure 3.3.
Figure 3.3: The setup used in this work to grow silver nanowires. The growth setup is composed o f  
a hotplate with temperature controller, oil bath and a reaction flask connected to a syringe pump 
(right) to inject reaction solutions at constant rate. The inset shows the resultant nanowires
solution after the growth is completed.
3.3.6. Preparation o f  PEDOT:PSS/Ag nanowires samples
The nano-composite samples of PEDOT:PSS/Ag nanowires were prepared by two 
different methods: film transformation and spray technique. In the film transformation 
method, different concentrations of Ag nanowires and PEDOT:PSS are deposited on a 
membrane filter and the resulting films transferred to the substrate at 80 °C with the 
application of some pressure to improve the adhesion of the film on the substrate. After a 
few minutes, the membrane filter is peeled off and the film remains on the substrate. The 
process is shown in fig. 3.4 (A).
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Figure 3.4: Preparation o f  PEDOT: PSS/Ag NWfilms: (A) Film transformation method: the nano­
composite film  is transferred from the membrane filter to glass substrate, and (B) The spray 
technique: the nanowires are sprayed and then the polymer is inkjet printed.
The spray technique was also used to prepare the nano-composite samples as 
schematically illustrated in figure 3.4 (B). The nanowires first were sprayed using an air 
brush on the substrate at 120 °C and then a thin layer of the polymer PEDOTiPSS was 
deposited on top of the nanowires by spin coating or inkjet printing. The reason for keeping 
the substrate at elevated temperature was to assist the rapid evaporation of the solvent 
(ethanol) as soon as the nanowires impact the substrate which helps to produce a uniform 
network of the nanowires. The concentration of the nanowires in the solution was found to 
be about 3.8 mg/ml. This was measured by evaporating the solvent from a nanowire sample 
of known volume and measuring the weight before and after removing the solvent. The
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concentration of the nanowires in the solution was adjusted to 0.15-0.2 mg/ml in order to 
control the density of the nanowires and to achieve better uniformity of the sprayed film. 
The air brush was kept at a constant distance of 13 cm from the substrates and moved 
horizontally at a constant speed of 6 cm/s to ensure uniform coverage of the nanowires and 
to allow the solvent to evaporate for spraying multilayers of the nanowires. The back 
pressure was also kept constant at 15 Psi. The deposition of PEDOTiPSS fills the gaps 
between the nanowires, planarize them and produce nano-composite films with smooth 
surfaces. Moreover, it also helps to improve the contacts between the nanowires at the 
junctions. Figure 3.5 shows the setup of spray technique.
Figure 3.5: Spray technique setup used in this work: The substrates are kept on a hotplate (with 
temperature controller) at ~ 120 °C and about 13 cm from the spraying gun (right upper corner).
3.4. Characterization techniques
This part presents the techniques which have been used to characterize samples 
prepared in this study. This includes morphological studies, electrical measurements and 
optical characterization.
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3.4.1. Morphological studies
Nano-composite samples were studied using a scanning electron microscope and 
atomic force microscope in order to obtain information about the effect of incorporation of 
the nano-materials on the morphology of these samples and the distribution of these nano­
materials in the samples.
3.4.1. a. Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is an important and common tool used in 
material characterization especially for studying micro-structural/morphological properties. 
It can provide valuable information about the surface features of a sample, texture, particle 
size and their arrangement. Moreover, it can be used to extract information about the 
elements and compounds present in the sample and their ratios. Also, it can show the 
arrangement of atoms in the sample and their degree of order. Figure 3.6 illustrates a 
schematic diagram of a scanning electron microscope.
In the scanning electron microscope a beam of electrons is generated in a vacuum, 
condensed by sets of electromagnetic condenser lenses and objectives to form a spot with a 
diameter of 5-100 nm at the surface of the sample. When the electron beam interacts with 
the sample, different signals are produced. These include secondary electrons, 
backscattered electrons, X-rays and Auger electrons. The main imaging method is by 
collecting secondary electrons. Those electrons can be detected by a scintillation material 
which produces light from the electron interactions. The light pulses can be amplified by a 
photomultiplier tube and converted into an electrical current which can be used to form an 
image of the sample [7].
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Figure 3.6: Scanning electron microscopy: (A) A schematic diagram o f a simplified scanning 
electron microscope and (B) Schematic cross-sectional view showing the interaction o f electrons
beam with the sample.
On the other hand, backscatter imaging can be used to get information about the 
composition of the sample as the yield of the backscatter electrons is a function of the 
atomic number at each point on the surface. Furthermore, X-ray analyzers are often 
attached to scanning electron microscopes to extract more information about the elements 
present in the sample. In order to prevent the electron beam from charging the sample and 
therefore producing low quality images, the sample should be either conductive or coated 
with a thin metal film [8].
FBI Quanta 200 scanning electron microscopy was used during the current study. An 
accelerating voltage of 5 kV with spot size of 3 nm was used to image the samples. The 
samples were connected to the stage using silver paste in order to avoid the charging effects 
by the electron beam.
3.4. Lb. Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a type of instrument that can be used to obtain an
image of the surface of conducting or insulating samples. The operating principle of the
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AFM is based on using an electrostatic or magnetic force to image the surface topography. 
Furthermore, information about the sample roughness and thickness can be extracted. 
Generally, most of atomic force microscopes consist of the following components: a tip 
fixed on a cantilever spring, a sensor to sense the cantilever deflection, a system to measure 
the cantilever deflection and the interaction force, a mechanical system which moves either 
the sample with respect to the tip or the tip with respect to the sample and a system that 
converts the measured data into an image [9]. A basic scheme of an AFM is shown in 
figure 3.7.
Detector
Mirror
Cantilever
Probe
X  Sample
Figure 3.7: A basic scheme o f an Atomic Force Microscope. The deflection o f the cantilever due to 
the interaction between the probe and the sample surface is detected and recorded to produce
surface topography image.
Depending on the sample type and the data obtained, different imaging modes can be 
used in the case of an AFM. The most common modes are contact, tapping and non-contact 
modes. In contact mode, the tip remains in contact with the sample at all times. By using 
contact mode, better resolution can be achieved, especially in the case of smooth surfaces.
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In tapping mode the cantilever is oscillating with a frequency value almost equal to its 
resonance frequency. As the oscillating amplitude change according to surface feature, the 
change is recorded and converted into an image representing the surface topography. In 
non-contact mode the oscillation amplitude of the cantilever is much smaller than that in 
tapping mode. In this case the long-range interaction forces between the tip and the sample 
surface, such as Van der Walls forces, take place. This in turn causes a phase shift in the 
cantilever oscillation frequency and by detecting this shift the cantilever positions can be 
adjusted not to be in contact with the surface. In this way, the interaction area between the 
tip and the surface is minimized and hence atomic resolution can be achieved [10].
In the present study a Veeco Dimension 3100 atomic force microscope has been used 
in tapping mode to image the samples, determine their thickness and roughness. For 
thickness measurements, a step was produced by scratching each sample carefully and then 
the step height measured by the AFM as shown in figure 3.8.
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Figure 3.8: Thickness measurement using the AFM. A step is made by carefully scratching the film  
and measured by the AFM. The step image (left) and the step profile (right) give accurate 
measurement o f the film thickness (170 nm).
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3.4.2. Electrical measurements
Electrical measurements were carried out using a Keithley 4200 - SCS Semiconductor 
Characterization System. The system was used to obtain 1-V curve for each sample and by 
calculating the slope of the curve, the resistance (R) of each sample was determined. The 
resistivity measurement setup is shown in figure 3.9.
Figure 3.9: Two point probe resistivity setup. Constant current is passed between two points and 
the voltage across these two points is measured. The measured resistance value includes the contact
resistance [11].
The sample resistivity {p) can be calculated using the formula [12]:
P = = (3.2)
where:
p : is the sample resistivity {Q.crri)
R : is the sample resistance (D)
A : is the sample cross-sectional area (cm^)
I : is the sample length {cm) 
w : is the sample width {cm) 
t : is the sample thickness {cm)
The electrical conductivity which is the reciprocal of resistivity also can be calculated using 
the following formula:
"  = (3,3)
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Sheet resistance is another important quantity which measure the surface resistance and is 
given by [13]:
« - l O  (3.4)
Sheet resistance is more often used to characterize the thin layers. It is based on 
dividing the sample into a number of squares with an equal length and width (I=w). Sheet 
resistance doesn’t depend on the square size of the square [14].
The two-point probe technique does not consider the contact resistance between the 
sample and the electrodes and, therefore, may not give accurate values for the electrical 
quantities in some cases. To eliminate the effect of contact resistance, different methods 
were introduced such as linear four point probes. Van der Pauw method and transfer line 
measurement [15]. Transfer line measurement (TLM) is a direct and accurate way to 
determine the sheet resistance of a sample and it also gives more information about the 
contact resistance between the material and the electrodes [16, 17]. The total resistance (Rt) 
of a sample according to this technique is defined as the following[16]:
R r = 2 R c + ^  (3.5)
where Rc {Q) is the contact resistance, Rs {Q/u) is the sheet resistance / is the length {cm) 
and w is the width {cm). To determine the contact resistance {Rc), electrodes with different 
separations are placed on the sample surface and the resistance between each two 
electrodes is measured. Then the resistance is plotted as a function of length and from the 
intercept of the curve on the resistance axis the contact resistance is determined. The 
intercept value is equal to 2Rc as shown in fig. 3.10 [16].
The nano-composite samples were printed on cleaned substrates using the Dimatix 
printer. In order to perform the electrical measurements on the printed samples, 99.99%
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gold source was used to deposit gold contacts on the substrates through a shadow mask 
with different separations using thermal evaporation technique.
I Substrole I
1 . 5x10 ' n
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Transfer length (mm)
Figure 3.10: Transfer line measurement (TLM) measurement: (A) Schematic diagram o f  
measurement setup with contact separated by different lengths Ij, I2J 3 and (B) Calculating contact 
resistance from the intercept value on the resistance axis in the graph which equals to 2 R c .
3.4.3. Optical Studies
Optical based measurements were used to calculate the transparency of the nano­
composite samples, characterize them and detect the effect of the various treatment 
methods on these samples.
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3.4.3,a. Optical transmission
Ultraviolet-visible (UV-Vis) spectroscopy provides valuable information about the 
absorption and electronic transitions in the materials. The technique is based on the 
measurement of the fraction of photons absorbed as they travel through the materials. The 
intensity of the transmitted light after interaction with the material (/) can be calculated in 
terms of the intensity of the incident light (Iq) according to the following equation [18, 19]:
I =  /„ e -^ “ (3.6)
where, a {ctn’) is the absorption coefficient and d (cm) is the film thickness. The absorption 
coefficient a depends on the energy of the incident photons (hv) and negative sign indicates
the decrease in the intensity of the light due to absorption. The absorption coefficient a of
the material can be calculated using the Beer-Lamberts law [20]:
=  (3.7)
where, A (-log I/If) is the absorbance value at a particular wavelength. Optical studies were 
carried out using a Varian Cary 5000 UV-Vis-NIR spectrophotometer with an integrating 
sphere. The transmission spectra of the samples were recorded over the visible range 
(wavelengths 400 - 800 nm). The base line correction was performed by scanning the same 
wavelength range for the reference sample (substrate).
3.4.3.b. Raman spectroscopy
Raman spectroscopy is one of the most common and useful tools in material 
characterization. It is based on the interaction of a monochromatic photon beam with a 
material via an oscillating electric field of the incident photons. Due to that, the materials’ 
molecules become excited and then relax to the ground state by one of the following 
processes [21]:
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• Rayleigh scattering: where the emitted photons have the same energy of the incident 
ones, that is an elastic scattering process. This process usually doesn’t provide any 
information about the vibrational energy levels of the material.
• Stokes Raman photons: where the emitted photons are scattered inelastically with a shift 
towards lower frequencies (i.e. energy lost).
• Anti-Stokes Raman photons: where the emitted photons are scattered inelastically with a 
shift towards higher frequencies (i.e. energy gain).
Detection of the last two processes provides valuable information about the molecules, 
chemical bonds and the structure of the sample.
For instance, Raman spectroscopy has been intensively used to study the diameter, 
chirality, purity, and architecture of CNTs. A typical Raman spectrum of single wall 
nanotube is shown in figure 3.11. In the figure, very well defined peaks can be seen in 
addition to some second order modes. Starting from the left, the first peak at 200 cm'  ^ is 
called the Raman radial breathing mode (RBM). The frequency of this peak depends 
strongly on the tube diameter and the tube diameter can be calculated using the formula:
^RBM = (3.8)
where « is a factor which depends on the nature of the sample.
The second peak at about 1340 cm'  ^is called the D line which measures the disorder in 
the graphite material. The third, G line, between 1550 and 1600 cm'  ^ consists of two lines 
and G". Much useful information about sample purity can be extracted from the intensity 
of D and G bands [22]. Finally, the G’ line (also known as the 2D line) at about 2600 cm"^  
is the second order harmonics of the D mode. Other secondary modes between 1700 and 
1800 cm'  ^ can be seen in the figure as well. It is important to state that the RBM peak in the 
case of MWCNT is usually very weak due to their large diameter, and the splitting of the G 
band is also unnoticeable [22]. Moreover, resonant Raman effects may take place and a
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high intensity can be observed when the energy of laser used to excite the sample is 
comparable to the high optical absorption energy [23].
G’ -line
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Figure 3.11: Raman spectrum o f single wall nanotube. The spectrum shows (left to right) the radial 
breathing mode (RBM), the D (disorders) line, the G (graphitization) line and the G ’ (2D) line [24].
In the present study a Renishaw Raman Scope 1000 and laser excitation wavelength of 
785 nm was used to record the Raman scattering spectra.
3.4.3.C. Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy is based on the absorption of IR radiation which gives information
about the types of molecules present in the sample. The absorption peaks in the IR
spectrum determine the vibration frequency of the bonds between the atoms and hence can
be used to identify the different molecules in the sample. Furthermore, the spectrum can be
used to determine the amount of the different components present in the sample [25]. In the
frequency range from 600 to 4000 cm '\ two types of vibrations could occur; stretching
vibrations which result from the change in bond length and bending vibrations which are
related to the change in bond angles [26]. Figure 3.12 shows some common IR vibrational
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bands of different molecules. The chart is divided into two regions; the finger print region 
(600 to 1400 cm'^) and the group frequency region (1400-4000 cm'^). In the finger print 
region, the molecules absorb specific frequencies of IR radiation and therefore this region is 
rich with signatures of organic molecules [27]. The signal in FTIR spectroscopy is 
produced by interfering two beams and called the interferogram. The signal is very 
complicated and can be converted into informative frequency spectrum by using Fourier 
transformation [27].
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Figure 3.12: IR spectroscopy chart shows various common vibrational bands. The frequencies 
region from 600 to 1400 cm'^ is called the finger print region where unique patterns are found for  
some molecules. The absorption bands in the group frequency region (1400-4000 cm'‘) result from  
stretching vibrations and indicate the presence ofparticular functional groups in the sample [28].
In this study, the FTIR spectra were obtained using Varian Cary 660 FTIR 
spectrometer with a ceramic broadband source, a caesium iodide beam splitter and a 
deuterated triglycine sulphate detector. The spectra were recorded by performing 50 scans 
over a range of wave number from 0 to 4000 cm '\ The spectra were collected using 
attenuated total reflectance (ATR) accessory to improve the sensitivity and the resolution 
for the collected spectra.
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3,5. Summary
The methods used to prepare the nano-composite samples have been shown and 
discussed. Carbon nanotubes were functionalized with carboxylic acid, surfactant and 
polymer molecules and then added to PEDOTiPSS at different concentration. The nano­
composite inks were printed using dimatix inkjet printer. Silver nano wires were grown via 
soft polyol method and deposited on the substrate using two techniques: film transfer and 
spray technique. The characterization techniques with brief background have also been 
discussed. The samples morphological properties were studied via scanning electron and 
atomic force microscopies. Transfer length measurement with thermally evaporated gold 
electrodes was utilized to obtain the electrical sheet resistance of the nano-composite 
samples. Optical techniques including UV-Vis, Raman and FTIR spectroscopies were used 
to evaluate the optical transmission, the effect of functionalization technique on the 
structural properties and to detect the presence of functional groups in the nano-composite 
samples.
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CHAPTER 4:
Inkjet Printed PEDOT:PSS/MWCNT 
Conductive Nano-Composites
4.1. Introduction
Inkjet printing of conductive PEDOTiPSS layers and their properties are discussed in 
this chapter. The effect of substrate treatment on the printed samples is shown. The printing 
parameters were optimized to achieve high quality samples. Moreover, the electrical 
conductivity and the optical transparency of the printed sample are presented. The 
properties of PEDOTiPSS/MWCNT nano-composite with different functionalization of the 
nanotubes are also presented and discussed. The morphological and electrical properties as 
a function of CNT loading concentration are studied. The effects of thermal treatment, 
wettability and alignment of the nanotubes on the properties of these printed nano­
composite samples are investigated.
4.2. Effect o f  substrate treatment and temperature
Wetting properties can be evaluated by measuring the contact angle made by a liquid 
droplet on a solid surface. The contact angle is a measure of the spreading of a liquid on a 
solid surface and can be used to calculate the energetics of the solid-liquid, vapour-liquid 
and solid-vapour interfaces. The contact angle of a droplet at equilibrium is given by the 
following Young’s relation [1]:
cos = ZkzZgi (4.1)
Ylv
where 6y is Young contact angle, y/v is liquid-vapour surface tension, is solid-vapour 
surface tension and y^/is solid-liquid surface tension. The contact angles of PEDOTiPSS
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droplets on glass substrate are shown in fig. (4.1). The contact angle of the droplet on a 
solvent cleaned substrate (fig. 4.1 A) is 13.3° and decreases to 6.1° on 5 minutes oxygen - 
plasma treated substrate (RF power of 100 watts, 02 flow rate of 15 SCCM and process 
pressure of 200 mTorr) (fig. 4.1 B) which indicates the increase in the surface energy of the 
substrate ( i.e. the component ysi) and hence the improvement of wettability.
The impact of plasma treatment on the droplet can also be observed from SEM images 
of the printed droplets where a significant change in the dried droplet shape occurred after 
the treatment (D). The figure also shows the effect of substrate temperature on the droplet 
shape as seen in (E) and (F). Furthermore, the figure illustrates the connection between the 
contact angle and the shape of the dried droplet where the smaller contact angle is due to 
the more spreading and the more contact area when the droplet dries.
(D)
(E)
Figure 4.1: Effect o f  substrate treatment and temperature on droplet wetting: contact angle and 
SEM images o f PEDOT. PSS droplet printed @ RT on (A,B) solvent cleaned and (C,D) plasma 
treated substrates. (E) and (F) are SEM images o f printed PEDOT:PSS droplets on plasma treated 
substrate fo r 5 minutes and printed @ 40 °C and 60 °C respectively.
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The variation in the profile of the printed PEDOT:PSS droplets as a result of substrate 
treatment and temperature is illustrated in fig. (4.2). It can be seen from the figure that a 
printed droplet on a solvent cleaned substrate is thicker with small diameter in the range of 
41 pm. After plasma treatment, the wetting increases due to the increase in the surface 
energy of the substrate and thinner droplet with large diameter (-74 pm) is produced. The 
figure also shows the effect of the substrate temperature on the printed droplets and it is 
obvious that the increase in temperature does not allow the droplets to spread on the surface 
due to the high evaporation rate of the solvent which cause the droplet to freeze over a 
small area. Furthermore, it can be observed that increasing the substrate temperature 
activates the “coffee ring” effect and produces a non-uniform droplet with spiky edges. 
The formation of coffee staining is mainly due to the increase in the solvent evaporation 
rate at the edges of the drop which leads to continuous transfer of the material from the 
center of the droplet towards the sides until it completely dries [2]. Table 4.1 summarizes 
the dimensions of the printed droplets under different conditions. These results suggest that 
uniform and thin droplets can be produced on plasma treated substrates kept at room 
temperature during the printing process.
Solvent, Printed @ RT 
Plasma, Printed @ RT 
Plasma, Printed @ 40 
Plasma, Printed é5> 60
Diam eter ().im)
Figure 4.2: Height profile o f printed PEDOT. PSS droplets on glass substrates with different
treatment and temperatures.
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Table 4.1: Effect of substrate conditions on the printed drops.
Substrate Height Diameter Cross-sectional
conditions (nm) (pm) area (pm^)
Solvent cleaned, RT printing 44.44 41.45 1135.7
Plasma cleaned, RT printing 21.60 74.56 1056.3
Plasma cleaned, 40 °C printing 17.41 68.78 1152.3
Plasma cleaned, 60 °C printing 16.24 58.53 1075.2
4.3. Effect o f  printing parameters
Inkjet printing technique is considered to be a simple technique and can be used to 
deposit a variety of materials. However, there are many parameters which can strongly 
affect the printing process such as ink properties, substrate properties, drop speed, drop 
spacing, distance between the print head and the substrate, substrate temperature and jetting 
frequency. Such parameters need to be adjusted and optimized for the best printing results. 
An example on the effect of some parameters on the printing of PEDOTiPSS ink is 
presented in figure 4.3.
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Figure 4.3: Printing o f PEDOT.PSS: (A) Jetting o f satellite drop, (B) Jetting drop at an angle and 
(C) Stable jetting. Printing o f  PEDOT:PSS at drop spacing o f  (D) 30 pm, (E) 20 pm and (F) 10 pm.
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In figure 4.3 (A), a high firing voltage is applied and as a result a droplet with a long 
tail is produced (satellite droplet). This tail may merge with the head of the droplet before 
impact on the substrate and a large drop will form and hence low resolution of the printed 
patterns. If the tail merges after the droplet impact on the substrate, it will lead to non­
circular footprint of the drop and hence non-uniform printed layers will be produced [3]. 
On the other hand, a low firing voltage is not desirable as it does not help the droplets to 
overcome the surface tension at the nozzle pad and as a result no jetting action can be 
produced. So, suitable values of firing voltage are necessary to achieve stable jetting for the 
droplets and a uniform pattern on the substrate.
In the case of PEDOTiPSS, a voltage in the range of 22-25 V was found to meet the 
requirements as shown in fig. 4.3 (C). Moreover, the presence of contamination at the 
nozzle or non-uniform wetting of the nozzle may lead to jetting the droplets at an angle as 
shown in part (B). This effect produces low quality printed patterns due to the random 
overlapping of the drops. To overcome this problem, periodic cleaning of the nozzles and 
nozzles pad is necessary especially if the ink contains nano-materials. In addition, the 
distance between the printed droplets is a very important factor and can be used to assist in 
the formation of uniform printed layers on the substrate. This distance can be tuned based 
on the wetting properties of the ink on the substrate to attain high quality printing. The 
effect of drop spacing is shown in fig. 4.3 (D, E and F). It can be seen from the figure that 
discontinuous line with separated droplets is formed at large drop spacing as in (D). At 
small drop spacing (F) the printed line is irregular with periodic bulges due to the high 
overlapping of the droplets. By adjusting the value of drop spacing to 20 pm, appropriate 
overlapping of the droplets can be achieved and uniform line with smooth sides is 
produced. Table 4.2 summarizes the optimum values of PEDOTiPSS printing parameters.
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Table 4.2 Optimum values of printing parameters
Parameter PEDOT:PSS
substrate temperature (°C) RT
Substrate - print head distance (pm) 1000
drop spacing (pm) 20
Jetting voltage (V) 22-25
Jetting frequency (kHz) 5
Figure (4.4) shows optical and SEM images of the printed samples from one print run. 
It can be seen from the images that the patterns are uniform with well-defined parallel 
edges and is free of obvious pinholes. Multiple prints also were performed and the 
thickness of the samples in each case was determined by using atomic force microscopy. 
The thickness of the samples as a function of the number of prints is illustrated in fig 4.5. 
The profiles of the printed line patterns show that as the number of the printed layers 
increases the thickness increases as well as the line width. Moreover, the thickness curve 
shows that for the first 2-3 layers the thickness increases almost linearly with the number of 
print runs. After the fourth printed layers, the variation of the thickness slows down and 
starts to saturate as a result of the sample widening.
Figure 4.4: Optical (A) and (B) SEM images o f  printed patterns applying optimum conditions. Inset 
in (B): Magnified image showing how uniform the edges o f  the line patterns are.
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Figure 4.5: (A) Cross-sectional profile o f  the printed line patterns and (B) Variation o f  
printed PEDOT. PSS thickness with the number o f print runs.
4.4. Electrical and optical properties o f the printed PEDOT:PSS film s
The electrical measurements conducted reveal that the sheet resistance decreases from
2.8 X 10^  to 6.5 X 10^  fl/sq as the film thickness increases from about 70 to about 240 nm as 
shown in figure 4.6. Similar behaviour has been reported by Ham et al. [4]. The sheet 
resistance is inversely proportional to the thickness of the sample (according to eq. 3.4) 
which means that the sheet resistance decreases with increasing sample thickness and vice 
versa. The sudden drop in the sheet resistance after printing the second layer, as seen in the 
figure, is mainly due to the change in the wetting properties. The first layer of the film was 
printed on glass substrate while other layers were printed on PEDOT:PSS layers. The 
change in the wetting properties may affect the overlapping of the conductive island in the 
film and as a result the conductivity of the film. The effect of thickness on the optical 
transmission of the printed PEDOT:PSS is shown in fig. 4.7. The figure illustrates that 
PEDOTrPSS films exhibit high transmission in the visible range. For the thinner 
PEDOT:PSS a transmission greater than 90 % can be observed and it decreases as the film 
thickness increases to the range of 70 -  80 % for the thicker films. This can be attributed to 
the increase of the absorption in the film with increasing thickness.
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Figure 4.6: Sheet resistance (solid squares m) and transparency @ 550 nm (open squares o) o f the 
printed samples as a function o f the number ofprint runs.
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Figure 4.7: Optical transmittance spectra o f the printed samples as a function o f  the number o f  
print runs. The transparency o f the film decreases as the number o fp rin ted  layers (thickness)
increase from  1 to 5 layers.
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4.5. M WCNT suspension
The resultant suspensions of surfactant (SDS) dispersed and acid functionalized 
multiwall carbon nanotubes show good dispersions of MWCNTs in water and were stable 
for more than 6 months. Figure 4.8 shows a photograph of raw, surfactant dispersed and 
oxidized MWCNTs in water. To image the nanotubes by scanning electron microscopy, a 
drop from each sample was placed on a silicon substrate and then dried on a hot plate. The 
SEM images of the resultant MWCNTs are shown in figure 4.8. It can be seen from the 
figure that as received nanotube samples contain large bundles of carbon nanotubes along 
with some carbonaceous impurities. SEM images of the treated MWCNTs, sample (B), 
shows individual nanotubes dispersed in a suitable manner, which is a good example of 
surfactant helping in the debundling and dispersing of carbon nanotubes. Similarly, 
chemical functional groups such as hydroxyl and carboxyl groups effectively assist the 
dispersion of the nanotubes and stabilize them in polar solvents such as water. This stable 
suspension of the acid functionalized nanotubes is shown in figure 4.8 (C).
Raman spectroscopy was then used to evaluate the effect of treatment methods on the 
structure and purity of carbon nanotubes. The recorded Raman spectra for the samples are 
shown in figure 4.9. It can be observed that all spectra exhibited two intense peaks at about 
1342 and 1580 cm"^  corresponding to the D line and G lines of the graphite respectively [5]. 
The ratios of the D line to G line intensities (WIg), which is a reliable measure of CNT 
sample quality [6], were calculated for the samples and found to be 0.67, 0.68 and 0.79 for 
as received MWCNTs, SDS-MWCNTs and 0-MWCNTs respectively. These values are in 
good agreement with the values reported for CVD-grown MWCNT [7]. Furthermore, the 
results reveal that using surfactant to disperse CNTs did not affect the structure of the 
nanotubes significantly.
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Figure 4.8: Solution o f  (A) Raw MWCNTs, (B) SDS- MWCNTs and (C) 0-MWCNTs in water with 
the corresponding SEM images. The raw sample contains large bundles o f  CNT and some 
carbonaceous impurities. Surfactant and carboxylic acid functionalized samples show well
dispersed nanotubes.
Keeping the structural and electronic properties of the nanotubes unchanged is very 
important and has a significant effect on the performance of the conductive nano­
composites. However, in the case of acid functionalized nanotubes the Id/Ig ratio increased 
by about 11% which indicates that destruction of the graphite structure occurred and the 
number of defects in the lattice increased. In fact, the disorder increment in the carbon 
atoms with acid treatment was expected as such an effect of acid treatment has been 
reported by many groups [8, 9]. The presence of a large number of defects in the graphitic 
structure helps to attach the functional groups to the side wall of the nanotubes and assists 
the dispersion of the nanotubes in polar solvents. Moreover, acid treatment leads to the 
shortening the nanotubes [10, 11].
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Figure 4.9: Different Raman spectra obtained from as received MWCNTs, SDS-MWCNTs and O- 
MWCNTs. All spectra show the presence o f D-line and G-line o f graphite lattice which can be used 
to evaluate the effect o f treatment method on the nanotubes structure by calculating the intensity
ratio Io/Iq.
4.6. Printing quality o f  PEDOT:PSS/MWCNTnano-composite
CLEVIOS' '^^ P Jet HC is a jettable ink ready to be printed. However, adding nanotube 
suspensions alters the properties of the ink and affects the jetting quality and hence the 
resultant pattern. The viscosity of as received PEDOT:PSS ink was measured and found to 
be 15.4 cP, whereas after adding of the CNT suspension the viscosity decreases to about
12.8 cP. Therefore, it was necessary to adjust some of the printing factors to make them 
compatible with the ink and to achieve reasonable and stable jetting. The printing 
parameters before and after adding the nanotubes to the ink were kept the same except for 
the driving voltage which was reduced during the printing of the nano-composite ink. This 
is due to the reduced viscosity after adding the CNT solution which means that the shear 
stress is reduced. As a result less force is needed to jet the droplet and hence smaller driving 
voltage. On the other hand, periodic cleaning of the nozzle pad is advisable in order to
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prevent any contamination from causing off-axis jetting of the droplets especially with the 
inks that contain high concentrations of the nanotubes. Table 4.2 shows the optimum values 
used to print PEDOT:PSS/MWCNT samples.
Table 4.2: Optimum values of printing parameters
Parameter PEDOTrPSS PEDOTrPSS/MWCNT
substrate temperature (°C) RT RT
Substrate - print head distance (pm) 1000 1000
drop spacing (pm) 20 20
Jetting voltage (V) 22 -25 1 8 - 2 3
Jetting frequency (kHz) 5 5
4.7. Characterization o f  the printed PEDOT:PSS/MWCNT samples
4.7.1. Morphological studies
SEM images of the printed samples are shown in figure 4.10. The printed sample from 
as received PEDOTrPSS ink is smooth and doesn’t show any features. However, as the 
concentration of SDS-dispersed MWCNTs in the ink increases from 0.01 to 0.02 %, some 
nanotubes can be observed in the printed sample. At 0.03 % concentration, uniform 
distribution of carbon nanotubes all over the sample was achieved as observed in the figure. 
Further increase in the CNT concentration resulted in agglomeration of the nanotubes and 
hence low quality films. SEM images of the samples with nanotubes concentration greater 
than 0.04 % show the presence of only few nanotubes with many particles (black spots) 
which could be a due to the nanotube aggregates.
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Figure 4.10: SEM images ofprinted PEDOT.PSS with different ratio o f  SDS-MWCNTs (0.0-0.05 
wt. %). The nanotubes density in the sample increases with increasing the nanotubes concentration 
in the ink until 0.03 wt. % concentration (optimum concentration) then the nanotubes start to 
aggregate with any further increase in their concentration.
The aggregation  o f  the nanotubes at h igh concentration m ay have occurred during ink  
preparation and/or at the n ozz les during the printing o f  the sam ples as a result o f  ejectin g  
high nanotube density through a sm all area (n ozz le  area) w hich  m ay cause entanglem ent o f  
the nanotubes in the ink and aggregates in the printed sam ples. T his m ay a lso  low er the 
concentration o f  the nanotubes in the printed n ano-com posite  sam ples. Furtherm ore, the 
change in the concentration o f  the surfactant after adding the nanotubes to the ink eould  
also cause the clum ps o f  the nanotubes. It has been reported that unbalanced (h igh /low )  
concentration o f  surfactant leads to C N T  floccu lating  v ia  surfactant m o lecu le  interactions. 
This could  explain  the aggregation o f  the nanotube in the sam ples w ith high S D S -C N T  
concentration. The m echanism  o f  such interaction has been d iscussed  in the w ork reported  
by R astogi et. al. [12].
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On the other hand, samples with oxidized nanotubes show some texture as observed 
from the SEM images in figure 4.11. The concentration of these patterns seems to increase 
with increasing amounts of nanotubes in the ink. The reason why the nanotubes are not 
very obvious might be that the nanotubes are embedded in the polymer matrix which makes 
their imaging using the SEM very difficult. It has been reported that the presence of 
carboxylic groups on the wall of the nanotube make it more compatible with the polymer 
matrix and helps to attach the polymer chains to the side walls of the nanotube [13]. Hence, 
the nanotubes become enveloped by the polymer molecules and this might be the reason 
why it was difficult to detect the presence of the acid functionalized MWCNT in the printed 
composite through SEM images.
E E B Q
Figure 4.11: SEM images o f  printed PEDOT. PSS with different ratio o f  O-MWCNTs (0.0-0.05 wt. 
%). Some patterns are seen in the images after the incorporation o f the nanotubes which indicates 
the presence o f  the nanotubes and denote that the nanotubes are embedded in the polymer matrix.
To investigate the effect of adding nanotubes on the morphology of the printed 
samples, all the samples were studied by atomic force microscopy and the obtained images 
are presented in figure 4.12 and 4.13. In figure 4.12, printed PEDOTrPSS samples from as
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received ink without any additives show a relatively smooth surface. After adding SDS- 
MWCNT suspension to the ink, printed samples with uneven surfaces and increased 
roughness were obtained. Furthermore, the surface roughness of the samples increases as 
the amount of CNTs increase, which might be due to the overlapping of the carbon 
nanotubes in the sample. The roughness measurements reveal that the roughness increased 
from about 4.5 nm for the sample without carbon nanotubes to about 8.6 nm for the 
samples with the highest concentration of carbon nanotubes.
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Figure 4.12: AFM  images o f  printed PEDOT;PSS/SDS-MWCNTs samples with different CNT 
concentrations (0.0-0.05 wt. %). The surface roughness increases with nanotubes concentration due 
to the increase o f overlapping nanotubes in the printed samples.
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Similar observation can be reported also for the samples with COOH-MWCNTs. An 
increase in the sample roughness can be noticed with the incorporation of CNTs (in the 
sample) as seen from figure 4.13. The roughness of these samples increases from about 4.5 
nm for the sample without the nanotubes to about 11.4 nm for the sample with the highest 
concentration of nanotubes. Moreover, it can be seen from the figure that as the 
concentration of the nanotubes, increases uneven surfaces with valley-like regions are 
produced. This might be the reason behind the previous observations with regards to the 
presence of some patterns on the surface of these samples from SEM images.
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Figure 4.13: AFM  images o f printed PED0T:PSS/0-MWCNTs samples with different CNT 
concentrations (0.0-0.05 wt. %). The roughness increases with increasing the concentration o f  the 
nanotubes due to the overlapping o f the nanotubes in the printed samples.
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The variation of the sample roughness as a result of adding the nanotubes in the printed 
sample is shown in figure 4.14. In both cases, the roughness increases with increasing the 
nanotube content in the ink. Samples with SDS-dispersed MWCNT show a gradual 
increase in the roughness with increasing nanotubes concentration. Whereas those with acid 
functionalized nanotubes show a sudden increase in the roughness at the beginning, and 
then the roughness remains almost the same as the concentration of CNT increases. This 
might be due to the surfactant isolating the individual nanotubes and the gradual increase in 
the roughness is mainly due to the overlapping nanotubes which increase with increasing 
concentration. In the case of oxidized nanotubes, as mentioned in the SEM section, the 
presence of carboxyl group on the side-walls of the nanotubes makes the nanotubes more 
compatible with polymer chains. As a result, random attachments of polymer chains to the 
side-walls of the nanotubes may occur. This makes the nanotubes thicker and more likely 
non-uniform and hence significantly contributes to the roughness of the printed samples.
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Figure 4.14: Effect o f  CNT concentration on the roughness o f the printed FEDOT: PSS/MWCNTs 
samples. The roughness o f  both samples increases with increasing the concentration o f  the 
nanotubes in the printed samples. The roughness increases exponentially at the beginning and then 
saturates which is well represented by the logistic function.
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4.7,2, Electrical studies
The sample resistivity (p) was calculated using the formula (3.2). The measured 
electrical conductivities for the printed PEDOT:PSS/MWCNTs samples are shown in 
figure 4.15 A. It can be seen from the figure that the conductivity of the virgin PEDOT:PSS 
sample is about 30 S/cm. Furthermore, the conductivity decreases as the quantity of SDS- 
dispersed carbon nanotubes increase, except at a concentration of 0.03 wt. %, where a little 
increase in the conductivity can be observed. This is attributed to the good distribution of 
the nanotubes in the sample. Such a decrease in the electrical conductivity of the 
PEDOT:PSS sample after the addition of surfactant-dispersed MWCNTs has been reported 
by Denneulin et al. too [14]. The decrease in the conductivity may be attributed to the 
insulating nature of the surfactants, which remain on the surface of the nanotube and may 
increase the contact resistant at the interface between the nanotube and the polymer and 
therefore reduce the carrier flow through the nanotubes [15]. Therefore, the nanotube 
becomes a more resistive path rather than a conductivity enhancer, where carriers would 
prefer the alternative low resistive path which is, in this case, the polymer chains. In other 
words the nanotubes are deactivated. The effect of surfactant on the electrical transport in 
the nano-composite sample is illustrated in figure 5.8 B.
Similarly, the figure also shows that adding acid functionalized nanotubes (O- 
MWCNT) did not enhance the conductivity of the printed nano-composite. The decrease of 
the conductivity with adding COOH-MWCNT can be explained in terms of the effect of 
chemical treatment. The resulting chemical groups on the side wall of the nanotubes after 
the treatment forms an insulating barrier which may limit the transport of the carrier in the 
composite. Furthermore, it is well known that acid treatment destroys the structure of the 
nanotube, particularly the external layer which is responsible for electrical transport [16], 
and hence alters its electronic properties [8]. So, the conductivity of the acid treated 
nanotube might not be high enough to enhance the conductivity of the composite, 
especially, if the defect concentration is very high as in our case.
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Figure 4.15: (A) Effect o f S-MWCNT and 0-MWCNT on the conductivity o f  the nano-composite 
samples. Adding nanotubes degrades the conductivity in both cases although the effect is less in the 
case o f the oxidized nanotubes. The best fitting o f the data can be represented by the exponential 
function which shows an exponential decrease in the conductivity values with increasing the 
concentration o f the nanotubes where the change in the conductivity becomes insignificant at high 
concentration o f the nanotubes. (B) Schematic representation o f  the effect o f  the insulating 
surfactant on the charge transport in the nano-composite sample. Surfactant molecules insulate the 
nano tubes and prevent them from contributing to the conduction process.
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4.8. Effect o f  thermal treatment
Figure 4.16 shows the effect of thermal treatment on the electrical properties after 
annealing the printed PEDOT:PSS/MWCNT samples at 120 °C for 30 minutes in air. From 
the figure, further degradation in the conductivity of all printed samples with SDS- 
MWCNT and 0-MWCNT is observed after thermal treatment. The samples were also 
annealed in ambient N] and similar degradation in the electrical properties was noted.
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printed composite patterns after thermal treatment fo r 30 minutes at 120 °C. Further degradation 
in the conductivity o f the samples after the thermal treatment is noted.
To understand the effect of thermal treatment and link it to the electrical properties, 
atomic force microscopy was used to detect if any changes occurred after the treatment. 
Figure 4.17 shows the morphology of the samples before and after annealing these samples. 
The analysis of data shows a slight variation in the surface roughness from 1.6 nm for as 
printed sample to about 1.3 and 1.5 nm for air and N2 annealed samples respectively. The 
change in the roughness could be a result of the rearrangement of polymer molecules after 
the thermal treatment [17]. However, the effect of thermal treatment on the surface 
roughness of the samples is insignificant and may not be the main reason for the 
degradation in the electrical properties, especially as the degradation is noticed for both air 
and N2 annealed samples.
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Figure 4.17:1x1 tapping mode AFM  images o f  (A) as printed PEDOT. PSS, (B) annealed in
air and (C) annealed in N 2.
To further investigate the influence of the temperature, FTIR spectra were collected 
for these samples and are shown in figure 4.18. For as printed samples, three absorption 
peaks can be seen in the spectrum at 3350, 2900 and 1000 cm'^ corresponding to OH, CH 
and CO stretching vibrations respectively. The existence of these peaks is due to the doping 
agent diethylene glycol which is usually added to PEDOT:PSS to enhance the conductivity. 
The absence of these peaks after annealing indicates the removal of the dopant from the 
samples and explains the degradation of the conductivity.
An additional factor may also decrease the conductivity in the case of air-annealed 
samples, which is the effect of oxygen and water molecules absorption [18, 19]. In contrast, 
some studies reported an increase in the conductivity of the PEDOT:PSS layers after 
thermal treatment [20]. The reason behind this disparity in the conductivity behavior of the 
PEDOT:PSS films after thermal treatment is mainly due to the presence of doping agents 
and/or film composition and more particularly the ratio of the PSS in the film. It has been 
reported that as the PSS ratio increases the PEDOTiPSS film becomes more hygroscopic 
with more ability to absorb water molecules [19].
104
0.040
 AS PRINTED
 ANNEALED IN AIR
 -ANNEALED IN N^
0 .035-
0 .030-
=! 0 .025-co
0 .0 2 0 -g
c
(0
-2
CO \
0 .015-
^  0 . 0 1 0 -
OH
CH
0.005-
0.000
1000 2000 3000 4000
W avenum ber (cm' )
Figure 4.18: FTIR spectra o f  the printed PEDOT: PSS/MWCNTs patterns before and after thermal 
treatment at 120 °C for 30 minutes under air andN 2 ambient.
4.9. Polymer functionalized MWCNT
Functionalization of carbon nanotubes with surfactant or carboxyl groups affects the 
properties of the nanotubes and as a result, their contribution to electrical transport when 
they become a part of a composite sample. The insulating nature of these molecules acts as 
a barrier which may obstruct the charge transport from/to the nanotubes. Hence, different 
ways to functionalize and disperse the nanotube without affecting the properties or the role 
of the nanotubes is required. In this section, the nanotubes are functionalized with 
PEDOT:PSS molecules and then mixed with the conductive polymer ink to produce the 
nano-composite samples. In this way, the nanotubes are in direct contact with the polymer 
chains and no barrier exists inbetween which may help to enhance the electrical 
performance of the nano-composite.
105
4.9.1. Dispersion o f the P-MWCNT
Figure 4.19 shows the polymer functionalized nanotube suspensions. It can be seen 
from the figure that the nanotubes are well dispersed and stable in water. The suspension is 
stable for more than 4 months. To assess the dispersion of the nanotubes, a sample was 
imaged by SEM as shown in figure 4.19. The image shows good dispersion of individual 
nanotubes in the sample which indicates the effectiveness of polymer functionalization to 
debundle and disperse carbon nanotubes. The polymer molecules are attached to the side­
wall of the nanotubes and help to disperse them in water.
s #  /
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Figure 4.19: MWCNT dispersed in water: pristine MWCNT (left) and polymer wrapped MWCNT 
with the corresponding SEM images (right). The magnified SEM image show good dispersion o f  the
nanotubes in the sample.
In addition, Raman spectroscopy was used to assess the functionalized nanotubes and 
to check whether the polymer functionalization has affected the graphitized structure of the 
nanotubes or not. The Raman spectra were collected for pristine carbon nanotubes, 
PEDOTiPSS and for polymer wrapped nanotubes as shown in figure 4.20. The spectrum of 
the pristine PEDOTiPSS film (blue curve) shows the main peaks of PEDOTiPSS at 1501, 
1435, 1365 and 1250 cm~^  which represents the Ca=Cp asymmetric vibrations, Ca=Cp 
symmetric vibrations, C-C stretching deformations and C-C in-plane symmetric stretching
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[21]. The red curve in the figure represents Raman spectra of the polymer wrapped 
MWCNT sample. The comparison between this curve and those for raw-nanotubes and 
PEDOTiPSS endorses the presence of the polymer and hence the wrapping of the 
nanotubes with the polymer. Furthermore, the ratio of D-band to G-band intensities ( I d / I g )  
was calculated from the spectrum for the wrapped nanotubes and pristine ones and found to 
be 0.71 and 0.67 respectively. The comparison of these Id/Ig values reveals that polymer 
functionalization of the nanotubes slightly increases the disordered sp^ carbon in the sample 
and affects the graphitize structure of the nanotubes.
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Figure 4.20: Raman spectra o f pristine carbon nanotubes, polymer wrapped nanotubes and 
PEDOT.PSS. The presence o f the peaks at 1342, 1435 and 1572 in the nano-composite sample 
spectrum and the comparison with the pristine CNT and polymer spectra confirm the polymer
functionalization o f  the nanotubes.
Atomic force microscope was used to image the sample and show evidence of the 
polymer chains wrapping the nanotubes as it can be seen in figure 4.21. The samples were 
imaged using AFM and the profile of the side wall of carbon nanotubes was obtained. From 
the height profile, the polymer bumps on the side wall can be seen clearly which indicates 
that the polymer chains coil around the nanotubes. This confirms the wrapping of the 
nanotubes by polymer chains as a result of tc-ti interactions.
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Figure 4.21: AFM  images ofpolymer functionalized MWCNT. 3D-image (top) shows surface 
topography o f  P-MWCNT thin film. The images (middle and bottom) show the coiled structure o f  
the polymer and the height profile taken on the side wall o f the nanotubes at two different positions 
o f the sample. The polymer bumps are present along the nanotubes side-walls as a result o f  ti-k 
interactions between the polymer chains and the nanotubes.
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4.9.2. Morphological studies o f  the printed PEDOT:PSS/P-MWCNTs fdm s
Multi-walled carbon nanotubes functionalized with polymer were added to 
PEDOTiPSS ink at different concentrations to study the effect of the nanotubes on the 
properties of the printed composite samples. Figure 4.22 shows the SEM images which 
were taken to evaluate the dispersion of the nanotubes in the printed samples. It can be seen 
from the figure that the density of the nanotubes in the printed samples increases with 
increasing concentration of the nanotubes in the ink. Furthermore, the images show good 
dispersion of the nanotubes in the printed samples. At concentration greater than 0.03 wt. 
%, the nanotubes start to percolate and with further increase in the concentration a 
continuous network of carbon nanotubes is formed.
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Figure 4.22: SEM images ofprinted PEDOT.PSS with different ratio ofpolymer functionalized 
MWCNTs (0.0-0.05 wt. %). The nanotuhes density in the printed sample increases with increasing 
the nanotubes concentration and start to form continuous network at high concentration.
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The dispersion of the nanotubes in the printed sample was also studied by AFM. Figure 
4.23 shows the topography of the sample with different P-MWCNT concentrations. The 
images show an increase in the concentration of the nanotubes in the sample as the 
concentration increases in the ink, which is in good agreement with the data obtained from 
the scanning electron microscope. In addition, as the concentration increase, the nanotube 
coverage increases and forms a percolating network in the printed film. As a result the 
overlapping of the nanotubes increases and this leads to an increase in the surface 
roughness of the samples. The effect of nanotubes concentration on the surface roughness is 
presented in figure 4.24.
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Figure 4.23: 5x5 fxnf tapping mode AFM  images o f  the printed sample with different concentration 
ofpolymer functionalized nanotubes (0.0-0.05 wt. %). The roughness o f  the sample increases with 
increasing the concentration o f the nanotubes due to the overlapping nanotubes.
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Figure 4.24: Effect o f  CNT concentration on the roughness o f  the printed samples. The roughness 
o f the sample increases with increasing the concentration o f  the nanotubes from 0.0 to 0.05 wt. %. 
Increasing the density o f  the nanotubes leads to an increase in the number overlapping P-MWCNT
and as a result samples with more roughness.
4.9.3. Electrical conductivity o f  the printed PEDOT:PSS/P-MWCNTs film s
Electrical measurements were carried out on the printed nano-composite samples with 
different concentration of polymer functionalized carbon nanotubes. These samples are 
supposed to show improved electrical performance after adding the well dispersed 
nanotubes as these nanotubes are in direct contact with polymer chains and there is no 
presence of other foreign molecules between the nanotubes and polymer like in the case of 
surfactant dispersed or acid treated nanotubes. Figure 4.25 shows the measured electrical 
conductivity of these samples after the addition of the nanotubes.
It can be noticed from the figure that, surprisingly, the electrical behavior of the 
conductivity is, in general, similar to that in the case of using surfactant and acid treatment 
to disperse the nanotubes. The conductivity decreases as the concentration of the nanotubes 
increases despite the good dispersion and the percolating network of the nanotubes in the
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sample. This can be attributed to the increase in the roughness of the sample after adding 
the nanotubes which may contribute to the degradation of the electrical conductivity and 
was common in the three cases. However, such significant effects may not be due to the 
surface roughness only, as other factors could play a role in this process. More 
investigations and discussion of these factors is presented in the following section.
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Figure 4.25: Conductivity o f PEDOT:PSS/P-MWCNT with different nanotubes concentrations (0.0- 
0.05 wt. %). The conductivity o f the nano-composite samples decreases exponentially and then tends 
to saturate as the concentration o f  the nanotubes increase.
4.10. Effect o f  polymer and nanotubes properties on the electrical performance o f  
the nano-composite samples
To further investigate the adverse effect of adding the nanotubes on the electrical 
performance of the nano-composite, it is important to understand the effect of the polymer 
properties on the overall performance of the composite. To achieve that, acid functionalized 
carbon nanotubes were mixed with two different version of PEDOTiPSS: P Jet and P 4083. 
P Jet is a highly conductive polymer with conductivity values in the range of 30 -  90 S/cm, 
whereas P 4083 conductivity varies from 2 x 10 to 2 x 10'^  S/cm. Figure 4.26 shows the 
electrical behavior of these composite with different concentration of the nanotubes.
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Figure 4.26: SEM images o f  PEDOT: PSS/MWCNT samples: P Jet with (A) 0 wt.% CNT, (B) 0.08 
CAAT aW f  (1C) 0 W.% (D; 0.0& C7VT q/'C/Vr
concentration on the conductivity o f two types o f  PEDOT: PSS with different treatment and the sheet 
resistance o f  CNTfilms (100 wt.%> concentration).
The SEM images show the samples before and after the incorporation of the nanotubes. 
In both cases, the samples show smooth featureless surface before adding the nanotubes. 
After the addition of the nanotubes, the images present good distribution of the nanotubes
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in both samples and confirm the formation of a continuous network of carbon nanotubes at 
0.08 wt. % concentration, which should have significant effect on the electrical properties 
of the polymer. It can be observed from figure 4.26 (e) that the influence of the nanotubes 
on the conductivity of the two composites is completely different. Adding nanotubes to the 
highly conductive PEDOT:PSS version affects the conductivity in an adverse way. The 
sheet resistance of the composite increases by about one order of magnitude with increasing 
CNT concentration from 0 to 0.08 wt.%. The degradation in the conductivity of the 
composite could be due to the increase in the structural disorder of the polymer chains after 
the incorporation of carbon nanotubes. The effect of disorder was studied and found to limit 
the conduction process in the conducting polymer PEDOT:PSS [22].
In the case of low conductivity PEDOT:PSS, the sheet resistance decreases from about 
10^  to 10^  fl/sq over the same concentration range of carbon nanotubes. This corresponds to 
conductivity value of 0.17 S/cm which is about two orders of magnitude higher than the 
intrinsic conductivity (2 x 10'^  S/cm) of the pristine polymer and can be attributed to the 
presence of the nanotubes in the film. So, adding the nanotubes to this type of PEDOTrPSS 
enhances the conductivity of the resulting composite. It can be seen from the figure that at a 
concentration higher than 0.04% of CNT the sheet resistance starts to decrease which may 
indicate the formation of a percolated conductive path within the film. This did not happen 
with the highly conductive PEDOTrPSS although the same concentration of the nanotubes 
was used which support the important role of the polymer matrix.
Another interesting observation from the figure is that the electrical percolation 
threshold in the composite with the low conductivity PEDOTrPSS is shifted towards higher 
value of CNT concentration after plasma treatment. The sheet resistance starts to decrease 
for the samples with different plasma treatment times (more wetting) at a concentration of 
the nanotubes higher than 0.06 wt.%. The shift of the percolation threshold can be 
attributed to the increase in the wettability which may disturb the nanotube interconnection 
and as a result a higher concentration of the nanotubes is required to form percolated 
conductive network. It is noteworthy to mention that the sheet resistance of a CNT film of
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similar thickness range without the polymer also was calculated and found to be -  4 x 10^  
Q/n. Figure 4.27 shows the sheet resistance and transparency variation as a function of 
CNT film thickness. The electrical measurements indicate that as the concentration of the 
nanotubes increase, the overall conductivity of the nano-composite samples appear to 
converge to a singular value for both types of PEDOTiPSS, with CNT. The convergent 
value could be that of the CNT network without any polymer matrix (i.e. 100 wt.% 
concentration). These results suggest that the conductivity of PEDOT:PSS/CNT nano­
composite film depends on the conductivity of the pristine polymer on the one hand and on 
the conductivity of the CNT percolated network on the other. Furthermore, the best 
conductivity can be achieved for such a composite is limited by the conductivity of the 
polymer and carbon nanotubes network, whichever one is higher.
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Figure 4.27: Sheet resistance (solid squares m) and transparency @ 550 nm (open squares uj o f  O- 
MWCNTsamples printed at different thicknesses 20-70 nm). Both, the sheet resistance (Rs a  1/t) 
and transparency o f the printed nanotubes films decrease with the film thickness. The inset shows 
the printed samples with thickness increasing from left to right.
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Table 4.3 shows some of the reported results on the conductivity of 
PEDOT:PSS/MWCNT nano-composite. It can be observed from the table that most of the 
reported high conductivity values are within the conductivity range of the pristine polymer 
and was achieved with highly conductive versions of PEDOT:PSS. This suggests that the 
reported high conductivities values of such composite could be mainly due to the 
conductivity of the polymer and also supports the previous discussion. Therefore, it is very 
important to consider the conductivity of the polymer and the conductivity of percolated 
network of the nanotubes when making such conductive composites. The conductivity of a 
network of nanotubes is limited by the contact resistance at junctions between the 
nanotubes. The contact resistance between two nanotubes has been measured and found to 
be in the range of hundreds of kH [23]. This high contact resistance may prevent the 
nanotubes from contributing to the conduction process and may also deteriorate the 
conductivity of the composite sample. However, the conductivity of CNT network can be 
significantly improved by increasing the length of the nanotubes which assists to reduce the 
percolation threshold and number of nanotubes junctions [24].
Table 4.3: Conductivity of PEDOT:PSS/CNT composite
PEDOTzPSS
Conductivity
CNT 
Concentration 
(wt. %)
Technique Sheet Resistance 
PEDOTrPSS 
( O /d )
Sheet Resistance 
PEDOTrPSS/CNT
( n / o )
Ref.
CLEVIOS PH500 
300 S/cm
MWCNT
1.47
Spin coating - 9 8 0 x  10^ 734 [25]
CLEVIOS PH500 
300 S/cm
SWCNT
1
Spin coating 279 150 [26]
CLEVIOS PH500 
300 S/cm
SWCNT
0.01
spray 623 118 [27]
Sigma-Aldrich 
1 S/cm
SWCNT
O.OI
Inkjet - 2 0 0 0 1000 [15]
CLEVIOS P JET 
3 0 - 9 0  S/cm
SWCNT
0.5
Inkjet - 1 0 0 0 225 [14]
CLEVIOS P JET 
3 0 - 9 0  S/cm
MWCNT
0.1
inkjet - 1 0 0 0 1904 [14]
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It can be also observed from the table that the high conductivity values of 
PEDOT:PSS/CNT nano-composites are in the conductivity range of the pristine polymer. 
This suggests that the improvement in the electrical conduction may not be a result of the 
addition of the nanotubes but could be due to the change in the surface tension of the 
composite solution as a result of nanotube addition. The effect of surface tension variation 
on the conductivity of the samples is discussed in the next section.
4.11, Effect o f  wettability on electrical properties o f  the printed PEDOT:PSS 
samples
Different observations on the electrical behaviour of PEDOT:PSS/CNT nano­
composite have been reported. The disparity in the results (regardless whether it is an 
improvement or degradation in the electrical performance) could be mainly due to the 
change in the wettability of the final composite solution, especially as the nanotubes are 
usually dispersed in a solution and then added to PEDOT:PSS solution. This has a 
significant impact on the surface tension and wettability of the composite solution and 
hence the microstructure and electrical properties of the composite sample. Moreover, the 
effect of the nanotubes on the morphology and structural disorders cannot be neglected.
To study the effect of ink wetting on the electrical properties, the surface tension of
PEDOTrPSS inks needs to be modified by adding different solvents and/or different solvent
quantities in order to achieve different degrees of wetting on the substrate. However, this
approach may make the comparison more complicated as the effects of many other factors,
beside the change in surface tension, need to be considered, such as the ink viscosity,
printing driving voltage, droplet volume and speed. So, in order to have fair comparison
and to limit the effects to the influence of wetting, PEDOTrPSS samples were printed on
four substrates with different surface energies at the same time (same print run) applying
the same printing conditions. To change the surface energy of the substrate, the substrates
were treated with oxygen plasma for different periods. Plasma treatment increases the
surface energy and improves the wetting of the substrate by the solvent. The effect is
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already shown in section 4.2. The substrates were solvent cleaned and plasma treated 
substrates for 1, 5 and 10 minutes and were kept at room temperature during the printing 
process. A schematic diagram of the printing process is shown in figure 4.28 a.
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Figure 4.28: (A) Printing ofPEDOT.PSS ink on four substrates with different surface energies. (B) 
I-V  curves showing the effect o f substrate treatment on the resistance ofprinted PEDOT.PSS
samples.
Figure 4.28 b shows the variation of electrical properties of the printed samples as a 
result of the change in the wetting properties. It can be seen from the figure that the sample 
with no treatment (less wetting) shows the lowest resistance and resistance increases as the 
treatment time increase (more wetting). It should be noted that although there are changes 
in the dimensions (mainly thickness and width) of the printed samples as a result of the 
variation in the wetting, the length and the cross-sectional area remain the same. To
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understand how the geometries affect the electrical properties of the sample, we should 
consider the definition of resistance which is given by equation (3.2);
Now, as the length and cross-sectional area are the same for all the samples, the term 
(l/A) in the right hand side of the equation should be constant. This suggests that the 
changes occurred in I-V curve and resistance in fact is due to the variation in the intrinsic 
resistivity values of the sample. The variation in resistivity can be explained in term of the 
microstructural changes in the printed samples due to the differences in spreading degree of 
droplet on the different substrates as illustrated in fig. 4.28 a.
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Figure 4.29:1.0 x 1.0 pm AFM  - phase images (Z-scale is 30°), 3D-height images and height 
profile ofprinted samples on: (A) non- treated substrate and plasma treated substrates fo r  (B) 1,
(C) 5 and (D) 10 minutes.
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Figure 4.29 shows the topography of the printed samples with different treatment. In 
non-treated sample (less wetting), very good packing with small-stacked polymer islands 
can be seen. This may lead to better overlapping of the conductive chains, which in turn 
could enhance the conductivity of these samples. As the wetting increases with increasing 
treatment time, droplets spread more and dry on larger areas and as a result, large-separated 
polymer islands are produced. This may increase the distances between the conductive 
PEDOT particles, reduce their over lapping, reduce the carrier hopping probability from 
one chain to another and hence degrade the electrical conductivity of the sample. Moreover, 
it increases the thickness of the insulating PSS shell at the grain boundaries and makes the 
carrier transport between the conductive islands less likely [28]. The reported improvement 
in the conductivity of highly conductive PBDOT:PSS, therefore, could be attributed to the 
structural changes due to the change in the wetting properties especially if the improvement 
is within the conductivity range of the pristine polymer.
4.12, Effect o f  CNTs alignment in the printed PEDOT:PSS/MWCNTs samples
Carbon nanotubes were aligned in the printed sample by using an electric field. 
PEDOTrPSS ink with optimum concentrations of the SDS-dispersed nanotubes (0.03 wt. 
%) was used to print the conductive pattern on glass substrates between two electrodes 
separated by 1 cm. During the printing of the sample, 1 . 5V-  DC voltage was applied on 
the sample and left until the sample had completely dried. A schematic of the technique 
used to align the nanotubes is illustrated in figure 4.29. Applying the electric field during 
the printing process is mainly to take advantage of the fact that the nano-composite stays in 
liquid phase for a short time after the printing which allows the nanotubes to align under the 
influence of the field. The alignment of the nanotubes in the printed samples has been 
confirmed through scanning electron microscopy and atomic force microscopy as shown in 
fig. 4.30. The images show the samples before and after alignment, where it can be 
observed clearly that the nanotubes are well aligned within the polymer matrix.
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Figure 4.30: Alignment technique o f CNT in the printed PEDOT: PSS/MWCNT samples. The SEM  
(left) and AFM  (right) images show the printed PEDOT:PSS/MWCNTs sample before (A) and after
(B) applying electric field  to align the CNT.
The alignment of carbon nanotubes under the influence of electric field has been 
reported in literature. CNT solution is dropped between two electrodes of different 
separation lengths ( 1 - 25  pm) and the alignment is achieved by applying different AC or 
DC voltage values in the range of 0 -  20 V [29, 30]. However, in comparison to the 
alignment techniques reported in the literature, the alignment of carbon nanotubes in 
PEDOT:PSS/CNT nano-composites in this study was achieved using low strength DC 
electric field (~ 1.5 V/cm). The mechanism of carbon nanotubes alignment induced by 
applying electric field has been proposed by many research groups. When electric filed is 
applied, it induces a dipole moment in the nanotubes and therefore, the nanotubes become 
polarized. The polarization across the length of the nanotubes is much stronger than that in 
the perpendicular direction to the tube axis due the structure anisotropy of CNT. As a 
result, the nanotubes are aligned in the same direction as the electric field [30-32].
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Figure 4.31: (A) 1-V curve o f  Printed PEDOT: PSS/MWCNTs sample before and after the alignment 
o f CNT. (B) I-V curve comparison ofprinted PEDOT.PSS and PEDOT: PSS/MWCNT with and
without the applied electric field  (E).
Roughness measurements carried out on these samples reveal that the roughness 
decreases from 16.5 nm for the sample with randomly distributed nanotubes to about 6.3
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nm for the sample with well aligned nanotubes. The decrease in roughness could be a result 
of the reduction in nanotubes overlapping after the alignment. Furthermore, electrical 
measurements show that the conductivity of the sample increases by 53 % from 4.4 to 6.7 
S/cm after the alignment of the nanotubes (fig. 4.31 A). This improvement could be related 
to the decrease in roughness, in addition to the good alignment of the nanotubes which may 
work as a template for better polymer chain packing. These results demonstrate that the 
properties of the printed samples can be improved significantly by achieving a good 
alignment of the nanotubes. Moreover, to confirm the effect of electric field on the 
composite printed sample, the electrical measurement were carried out on the printed 
PEDOTrPSS samples with and without applying an electric field in the absence of the 
nanotubes and no change in the conductivity of the samples was noticed, as shown in figure 
4.31 (B).
4.13. Summary
Inkjet printing and characterization of PEDOTrPSS and PEDOTrPSS/MWCNT nano­
composites have been carried out. The printing conditions including jetting voltage, drop 
spacing, substrate-print head distance, substrate treatment and temperature were optimized 
in order to obtain high quality samples. The effect of the thickness of the printed 
PEDOTrPSS samples on the electrical resistance and optical transmittance has been 
investigated. Carbon nanotubes were ftmctionalized covalently with carboxylic acid and 
non-covalently with SDS and PEDOTrPSS in order to exfoliate nanotube agglomerates and 
to obtain stable dispersions which was verified through SEM studies of these samples. The 
stable CNT dispersions were mixed with PEDOTrPSS at different concentration from 0.0 to
0.05 wt. % to obtain the nano-composites inks used to print the nano-composite samples. 
Raman studies show significant increase in the disordered sp^ carbon after acid treatment 
whereas in the case of surfactant and polymer treatments the effect is minor.
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Morphological studies of the printed PEDOT/SDS-MWCNT samples showed that 
network of nanotube with excellent distribution can be achieved by increasing the 
concentration of the nanotubes in the ink. This effect was difficult to detect by SEM 
imaging in the other nano-composite samples with acid and polymer ftmctionalized 
nanotubes as the nanotubes seems to be embedded in the polymer matrix. The roughness of 
all samples was found to increase with increasing the concentration of the nanotubes in the 
printed samples which is mainly attributed to the overlapping of the nanotubes in the 
samples. Moreover, the electrical conductivity was found to degrade for all samples after 
the incorporation of the nanotubes. The decrease in the conductivity was noted with the 
highly conductive PEDOTrPSS version. However, when adding the same concentration 
range to a low conductivity version of PEDOTrPSS, an increase in the conductivity by two 
orders of magnitude was observed, which highlight the role of polymer conductivity and 
the nanotubes. Thermal treatment of the highly conductive PEDOTrPSS (with a secondary 
dopant) was also found to reduce the conductivity of the nano-composite samples due to the 
evaporation of the dopant during the thermal treatment process. The effect of wettability on 
the electrical and morphological properties was investigated and used to explain and 
understand the various behaviors reported in the literatures for PEDOTrPSS/MWCNT 
composite. Finally, novel, simple and effective technique to align the nanotubes in the 
conductive nano-composite sample was demonstrated. The sample with align nanotubes 
exhibited improved electrical conductivity and reduced surface roughness.
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C hapter 5:
PEDOT:PSS/Ag Nanowire 
composites
5.1. Introduction
The properties of the grown silver nanowires are presented and discussed in this 
chapter. Their aspect ratio, electrical properties and composites with PEDOTrPSS are 
investigated. Moreover, the effect of the thermal treatment on their electrical properties 
along with their electrical stability and compatibility with flexible substrates are examined.
5.2. Silver nanostructures
The scanning electron microscope images of the grown silver nanostructures using 
polyol (ethelyne glycol) reduction of silver nitrate (AgNOg) method are shown in figure
5.1. The figure shows high aspect ratio silver nanowire in (A) and nanoparticles in (B). The 
growth of ID silver nanostructure was achieved by adding copper chloride salt (CUCI2) to 
the reaction. Using the same growth procedures in the absence of the metal-salt, CuCli, 
produces silver nanoparticles as shown in fig. 5.1. (B). The growth mechanism and the role 
of the metal-salt in the growth process of silver nano-structures have been reported by 
many research groups [1-7]. The concentration of the grown nanowires using the optimized 
growth condition and after the purification process was found to be in the range of 3.4 -  3.8 
mg/ml.
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Figure 5.1: Grown silver (A) nanowires: the inset shows a magnified image o f the nanowires (scale 
bar 10 gm) and (B) nanoparticles: the inset shows a magnified image o f  the nanoparticles (scale
bar 1 fxm).
The growth process starts with the reduction of AgNOg by ethylene glycol (EG) to
release Ag ions which then reduce to Ag atoms, agglomerate and form Ag particle/seeds in
the solution and serve as initiators for the growth of nanostructures [7, 8]. Based on the
shape of the seed, different nanostructures form. Usually, the multiply twinned decahedra
silver seeds are the most dominant seeds in the polyol reaction because the twin defects at
the boundaries provide lower surface energy for the structure. Furthermore, these seeds are
the most reactive due to their twin defects [8]. The reactivity cause silver atoms to be added
to these defects sites which results in the growth of the seed in one direction and hence the
growth of the nanowires. Therefore, it is important to preserve these seeds from etching
during the reaction which may convert them to other single crystal forms [9]. This can be
achieved by adding CuCli to the reaction solution. In the absence of the metal salt, the
formed silver nano-structures are etched continuously by the oxygen dissolved in the
solution and this suppresses the formation of the ID structures and produces nanoparticles
instead. When CuCE is used in the reaction, Cu reacts with the adsorb oxygen on the
surface of silver particles and undergoes continuous conversion from Cu(l) to Cu(ll) which
makes the [111] plane reactive sites exposed for the addition of more Ag atoms and hence
the formation of the nanowires. In addition, the presence of Cl ions in the reaction solution
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provides electrostatic stabilization of Ag seeds and helps to control the concentration of the 
free Ag ions in the solution via the formation of AgCl crystallites and the slow release of 
Ag ions for the growth of the nanowires. The growth mechanism is illustrated in figure 5.2 
[10].
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Figure 5.2: Growth mechanism o f silver nanostructures and the role o f  CuCh in the reaction. Cu 
prevents the adsorb oxygen from etching silver particles and Cl ions help to stabilize Ag seeds and 
to control the concentration o f  the free Ag ions in the solution [10].
The use of a template and/or capping agent is also very crucial in the growth process of 
silver nanowires. The polymer, PVP, has been shown to play an important role in the 
growth of the nanowires and act as a capping agent. Passivation of the side surface of the 
nanowire [100] with PVP prevents the growth on the side surface and gives a higher chance 
for silver atoms to be added to the more reactive [111] surface and hence the one 
dimensional growth [8]. Furthermore, it has been reported that the polymer chain length 
significantly affects the growth of the nanostructures and the 2D structure can be produced 
with the use of short chain PVP whereas with long chains the formation of 1D structures is 
more likely[ll]. Therefore, the concentration of the precursor AgNO] was kept constant 
while the concentration of the polymer in the reaction solution was varied in order to 
achieve optimum conditions for the growth of the nanowires. The volume ratio of PVP to 
AgNOs was varied as 0:1, 0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, respectively, and the effect of the 
ratio variation on the growth of the nanowires is shown in figure 5.3.
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Figure 5.3: Ag nanostructures grown with different PVP/AgNO3 volume ratios (A) 0:1, (B) 0.5:1, 
(C) 1:1, (D) 1.5:1, (E) 2:1, (F) 2.5:1 and the inset shows 4:1. As the concentration o f  the polymer 
increase the nano-structrues transform from random shapes to nanowires and nanoparticles
respectively.
It can be observed from the figure that when AgNOs only is used, with no presence of
PVP, Ag nanoparticles with random shapes are produced. As the concentration of the
polymer increases some nanorods along with different random Ag nanostructures is
observed in figure 5.3 (b). Increasing PVP/AgNO] volume ratio to 1:1 and 1.5:1 enhances
the formation of ID structures and decrease the concentration of other shapes in the
product. Further increase in the volume ratio produces long uniform nanowire with small
diameter as seen in figure 5.3 (e). However, increasing the ratio of PVP to more than 2
leads to the formation of small Ag nanoparticles along with the nanowires. Further increase
in the concentration of PVP leads to the formation of many nanoparticles together with
short silver nanowires. This is due to the high concentration of polymer in the solution
which cause the polymer to cover the [100] face and starts to passivate also the more
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reactive side of the nanowire [111] which supress the growth in that direction and at the 
same time causes the formation of more nanoparticles in the final product.
Figure 5.4 shows the distribution of the length and diameter of as grown silver 
nanowires applying the optimum growth conditions. The mean length of the nanowire was 
calculated and found to be 28.2 pm with a standard deviation of 9.4 pm. Similarly, the 
mean diameter was 99 nm with standard deviation of 21 nm.
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Figure 5.4: (A) Length (300 NW) and (B) diameter (100 NW) distribution o f  the grown silver
nanowires.
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Electrical measurements were conducted on the grown nanowires using two point 
probe measurements. Silver electrodes were printed on individual nanowires as shown in 
figure 5.4 and I-V curves were obtained. The average conductivity of the nanowires was 
found to be about 7x10^ S/cm which is less than that of bulk silver (6.2 x 10^  S/cm). This 
could be due to the effect of structural defects and therefore, transmission electron 
microscope (TEM) is required for further investigations. Table 5.1 summaries the 
properties of the grown nanowires.
Figure 5.4: Two point probe measurements o f  electrical conductivity o f a single silver nanowire. 
Table 5.1: Properties of the grown silver nanowires.
Ag nanowire properties
A verage Length (pm ) - 3 0
Diam eter (nm) 99 ±21
Conductivity (S/cm) 6.7 X 10^
Resistivity (Q.cm) 150 X  10'^
5.3. Effect o f  thermal treatment on the electrical properties o f Ag nanowire film s
Silver nanowire thin films were prepared using spray technique and annealed at
different temperature (150 -  300 °C depending on the substrate type) for 20 minutes to
improve the electrical conductivity of these films. It can be seen from the SEM images in
fig. 5.5 that annealing the nanowire films at 150 °C helps to improve the contact between
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the nanowires at the junctions by fusing them which could improve the conduction process 
in the metallic film. However, annealing these films at a temperature of 250 °C or higher 
seems to affect the structure of the nanowire as seen in fig. 5.5 c. It can be observed that 
some grains start to form on the surface of the nanowire which is a sign of the over­
annealing effects. Annealing samples beyond this point for a long time (> 30 minutes) 
breaks the nanowire and results in a discontinuous network as seen in figure 5.5 (D & E). 
Moreover, annealing may assist the formation of an oxide layer on the nanowire and this in 
turn would affect their electrical conductivity. Similar observations have been reported in 
the literature [12, 13].
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Figure 5.5: SEM images o fA gN W  (A) as sprayed, (B) annealed at 150 °C and (C) annealed at 300 
°C. The inset in (c) shows grain formation on the surface o f  the nanowires after annealing the fdm s  
at high temperature (> 250° C). (D) and (E) show the effect o f over-annealing on the continuity o f  
silver nanowires network (before and after annealing respectively).
Electrical measurements in figure 5.6 show the effect of thermal treatment on the
conductivity of the nanowire film. It can be seen from the figure that annealing the film at
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150 °C improves the conductivity of the film by about 44 % which is mainly due to the 
improvement in the contact at the nanowires junctions. Moreover, further increase in 
annealing temperature slightly improves the conductivity of the film as seen in figure 5.6 
for the samples annealed at 300 °C.
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Figure 5.6: Effect o f  thermal treatment on the conductivity o fA gN W  thin films. Annealing the film  
at 150 - 300 °C reduce the contact resistance between the nanowires and improve the conductivity
o f  the nanowires film.
5.4. PEDOT.'PSS/Ag Nanowire composite thin film s
5.4.1. TransferredPEDOT:PSS/Ag NW film
5.4.La. Film morphology
The nano-composite thin films of PEDOT:PSS/Ag NW were prepared by transferring
the polymer/nanowire network film to the substrate. Different concentrations of nanowires
were used in order to achieve good percolated networks and hence improve the electrical
properties. Figure 5.7 shows the nano-composite thin films with about 1 mg/cm^
concentration of PEDOTrPSS and varied concentrations of Ag nanowires from 0.2 to 0.8
mg/cm^. It can be seen from the figure that all samples show uniform distributions of the
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nanowires in the transferred film. However, at low concentration, few nanowires are in 
contact and the network is not continuous. With increasing the nanowire concentration to 
0.4 and 0.6 mg/cm^, the number of overlapped nanowires increases and a better percolated 
network is produced. A high density of the nanowires in the transferred film (~ 0.8 mg/cm^) 
leads to good nanowire networks, but, with more roughness and less transmission. 
Moreover, stand-alone conductive films can be produced as shown in the figure 5.7 (right) 
by increasing the thickness of the film which makes the peeling-off of the film possible. 
This stand-alone conductive film can be used as an electrode in many applications and used 
as a platform to build flexible substrate-less electronic devices.
m m m
Figure 5.7: SEM images o f  transferred PEDOT: PSS/Ag nanowires thin films: (Left) Nano­
composite films with ~ 1 mg/cm^ PEDOT. PSS and different nanowire concentrations from 0.2 -0 .8  
mg/cm^ and (Right) Peeled stand-alone highly conductive PEDOT: PSS/Ag film. The images shows 
top (polymer) and bottom (nanowires) side o f  the film and the inset shows magnified image o f  the
nanowires at the bottom side o f the film.
5.4. l.b. Opto electrical properties
The effect of nanowire concentration and coverage on the optical properties of the 
nano-composite samples is shown in figure 5.8. The optical transparency of the polymer
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samples is about 95 % and decreases as the density of the nanowires increase. At low 
nanowire density with low coverage of about 11 %, the sample shows high transparency in 
the range of 90-95 %. As the density of the nanowires increases, the transparency gradually 
decreases and reaches about 50 % when the nanowire density approaches 0.8 mg/crrf. The 
decrease in the optical transparency of the samples is due to the increase of absorption by 
the sample with increasing concentration of the nanowires and the fraction area covered by 
the nanowires from about 11 % at 0.2 mg/crrf to about 51 % at concentration of 0.8 mg/cm^ 
of silver nanowires.
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Figure 5.8: Optical transparency @ 550 nm (solid squares m) and area fraction covered with 
nanowires (open squares u) vs. the nanowire concentrations (0.2-0.8 mg/cm^) in PEDOT:PSS/Ag
NW  samples.
The electrical properties along with the optical transmission of these films as a function 
of the nanowire concentration are shown in figure 5.9. It can be seen from the figure that 
the sheet resistance of the film decreases as the nanowire concentration increases. This is 
mainly due to the formation of excellent percolated networks of the metallic nanowires as 
shown in the images obtained from scanning electron microscopy. The sheet resistance
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decreases by two orders of magnitude with increasing Ag NW concentration from 0.2 to 0.8 
mg/crn . Furthermore, sheet resistance values as low as 6 Q/u is produced with increasing 
the density of the nanowires in the film to 0.8 mg/crn . This value of sheet resistance is 
comparable to those of the ITO which is the most common transparent electrode in 
optoelectronic applications. In fact, it can be observed from the figure that these low sheet 
resistance values are at the expense of the optical transparency which may make these very 
low sheet resistance samples unsuitable for transparent electrode applications. However, 
results show that samples with sheet resistance less than 50 Ü/o and transparency of about 
80% can be produced.
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Figure 5.9: Sheet resistance (solid squares m) and optical transparency @ 550 nm (open squares 
d) v5. nanowires concentrations (0.2-0 . 8  mg/cm^) in PEDOT:PSS/AgNW samples.
The figure of merit used to assess the quality of nano-composite thin films for 
transparent electrode applications is given by the following relation [14]:
'T’lO
^TC = —  (5.1)
where T  is the transmission and Rs is the sheet resistance. The figure of merit O jc  gives 
more weight for the film transmission and hence better balance with the sheet resistance of 
the film. The ratio of the optical conductivity to electrical conductivity is also a common
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quantity used to evaluate the excellence of transparent electrodes and is given by the 
following equation [15, 16]:
where Zq is the impedance of free space (377 Q), Rs is the sheet resistance (Q/o), Oop is the 
optical conductivity and Odc is the direct current conductivity (S/cm). The relation above 
can be applied for transparent films when the film thickness is less than the wavelength of 
the visible light. For practical applications and industrial requirements, the ratio Odc/cJop 
should be more than 35. This can be achieved if the transparency of the sample is more than 
90 % and the sheet resistance is less than 100 fl/o. In the case of the transparent electrode 
ITO, the value of Odc/cTop is in the range of 300 -  400 [17].
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Figure 5.10: Variation o f sheet resistance and optical transparency @ 550 (solid squares m) and 
the corresponding figure o f  merit (open squares u) o f  PEDOT: PSS/AgNW  samples with nanowires
concentrations (0.2-0.8 mg/cm^).
The figure of merit of PEDOT:PSS/Ag NW samples was obtained using equation (5.2) 
and is shown in figure 5.10. It can be seen from the figure that the ratio increases from 
about 7 to 76 with increasing concentration of the nanowires in the sample from 0.2 to 0.8 
mg/crn^ due to the reduction of the sheet resistance of the films. However, although the
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(^ dc/f^ op is high, the drawback of these samples is the low transparency (-5 0  %) which may 
limit their use as transparent electrodes.
5.4.2. Sprayed PEDOT:PSS/Ag N W film
5.4.2.a. Film morphology
The PEDOT:PSS/Ag nano-composite thin films were also prepared by spray/inkjet 
printing techniques. The nanowires were first sprayed onto the substrates and then the 
polymer was deposited using inkjet printing/spin coating techniques. The advantages of 
using this method to make the nano-composite films in comparison with the film transfer 
method is the compatibility with large area production of electronic and optoelectronic 
applications. Moreover, the technique is low cost, simple and can be used to deposit various 
materials.
Figure 5.11: SEM images o f  sprayed Ag nanowire with (A) 10, (B) 20, (C) 30, (D) 40 and (E) 50 
spray runs before the deposition o f  PEDOT FSS layers.
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The SEM images of sprayed silver nanowire samples with different number of spray 
runs from 10 -  50 are shown in figure 5.11. It can be seen from the figure that after 10 
spray runs, the nanowire start to form some conductive paths with still many areas without 
nanowires. As the number of sprayed layers increase to 20 -  30, the concentration and 
overlapping of the nanowires in the samples increase and the gaps between the nanowires 
are reduced. At 40 spray runs, a uniform percolated network of silver nanowires forms as 
can be observed in fig. 5.11 (d-e). Further increase in the number of sprayed layers 
improves the uniformity and continuity of the nanowire network which would have a 
significant effect on the optical and electrical properties of the nano-composite samples. To 
investigate the uniformity and to assess the sprayed nanowire samples for practical 
applications, the samples were imaged by the atomic force microscopy (ATM) as shown in 
figure 5.12.
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Figure 5.12:100 x 100 prn AFM  images o f sprayed Ag nanowire with (A) 10, (B) 20, (C) 20, (D) 
40 and (E) 50 spray runs before the deposition o f PEDOT. PSS layers.
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Similar observations to those by SEM images can be seen in the figure. After a few 
spray runs, a number of connected nano-paths can be observed and with increasing number 
of sprayed layers the overlapping of Ag nanowires increases and excellent percolated 
networks are produced. However, it can also be noticed from the figure that with increasing 
density of the nanowires, the roughness of the samples increase. This can be seen clearly by 
comparing the colour of the nanowire with the height scale on the right. Note the colour 
change with the concentration of the nanowires in the samples. Roughness analysis was 
carried out on these samples and the variation in the roughness as a function of the number 
of sprayed layers is presented in figure 5.13. The figure also confirms the observations from 
AFM images and shows that the roughness of the samples increases from about 55 to 75 
nm with increasing number of sprayed layers from 10 to 50. These values are comparable 
with those reported in the literature [18]. This range of roughness values is not suitable for 
many transparent electrode applications. For some applications, the roughness of the 
transparent electrode should be minimized (typically 1-2 nm) for efficient device operation 
and to avoid device damage [19]. Therefore, applying mechanical pressure or deposition of 
conductive polymer layer to reduce the roughness of nanowire film is required [20, 21].
7 5 -
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Figure 5.13: Variation in the roughness o f sprayed Ag nanowires samples with the number o f  spray 
runs (area o f  100 pm^) before the deposition o f PEDOT.PSS layers.
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To reduce the surface roughness of the nanowire network and to smoothen the film 
surface, a thin layer (50 -  60 nm) of the conductive polymer PEDOTiPSS was inkjet 
printed on top of the nanowire network. Figure 5.14 shows the topography of the film 
before and after the deposition of the conductive polymer. It is clear from the figure that the 
deposition of the polymer on top of the nanowire mesh helps to reduce the surface 
roughness, fill the gaps between the nanowires and to produce smooth films. Roughness 
analysis was performed on these samples and the roughness was found to decrease from 
79.6 nm to about 18.2 nm for the sample with PEDOT:PSS. This shows that the roughness 
of nano-composite samples can be tuned by changing the thickness of the polymer layer 
and hence increasing the compatibility of these nano-composite samples with transparent 
electrode applications.
(A) (B)
500.0 ruYi50Ü.Ü nm
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20 pm 20 iim 20 pm
Figure 5.14: AFM  images o f Ag nanowires film  (A) before and (B) after the deposition o f  about 60 
nm layer o f PEDOT.PSS by inkjet printing technique. The roughness is reduced from about 80 nm
to 18 nm after the deposition o f PEDOT.PSS.
5.4.2.b. Optoelectrical properties
For optoelectronic applications it is important for the electrode to have high 
transparency and low sheet resistance as stated previously. Thus, the optical transmission of 
the sprayed nanowire samples was measured as shown in figure 5.15. The samples shows 
high (> 90 %) transparency in the visible range and decreases to about 75 -  80 % as the 
number of sprayed layers increases to 50 layers. After the deposition of PEDOT:PSS layer
142
the optical transmission of the sprayed sample is slightly shifted down by an average of 2.4 
%. Thus the deposition of the polymer did not affect the transparency of the nano­
composite sample significantly.
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Figure 5.15: Optical transmission o f  Ag nanowire and PEDOT:PSS/Ag nanowires samples with 
different number o f  spray runs from 10-50.  The arrow direction shows the increase in the number
o f the deposited layers.
The variation in the optical transparency and the area fraction covered with the 
nanowire as a function of number of sprayed layers is shown in figure 5.16. The coverage 
of silver nanowires increases from 12 to 25 % as the number of sprayed layers increases 
from 10 to 50. This increase in the fraction of covered area is encountered with a decrease 
in the transparency from about 93 to 80 % in the visible range and a better percolated 
network of nanowires.
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Figure 5.16: Variation in optical transmission @ 550 nm (solid squares m) and the coverage o f  the 
nanowire (open squares u) with the number o f sprayed layers.
Figure 5.17 presents the dependence of optical and electrical properties of the sprayed 
samples on the number of spray runs. It can be seen from the figure that the sheet resistance 
of the film with 10 spray runs is in the range of 1.5 x 10^  Q/n and decreases dramatically to 
about 2x10^ £2/n at 20 sprayed layers. The decrease in sheet resistance values continues 
with increasing the number of spray runs and reaches to 45 fl/o with 50 sprayed layers. 
Moreover, a further reduction of about 30 % in the sheet resistance values of the sprayed 
samples can be observed from the figure after the deposition of the conductive polymer. 
This corresponds to sheet resistance value of 26.3 fl/o for the sample with 50 sprayed 
layers which is comparable to the sheet resistance values range of the most widely used 
transparent conductor, ITO. However, to have better judgment on these samples and their 
compatibility for practical applications the figure of merit was calculated and is shown in 
figure 5.18. The reduction in sheet resistance after the deposition of the conductive polymer
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is due to the improved electrical contact between the nanowires, increased conductive area 
and the decrease in the roughness [22].
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Figure 5.17: Variation o f sheet resistance (open squares □ fo r  Ag NW and solid squares mfor 
PEDOT:PSS/Ag NW) and optical transmission at 550 nm (open circles o fo r A gN W  and solid  
circles •  fo r PEDOTPSS/Ag NW) o f the sprayed Ag NW  and PEDOT:PSS/Ag NW  samples with 
different number o f  spray runs. The thickness o f PEDOT.PSS layers is ~ 60 nm and the photograph 
shows the transparent electrode samples on top o f the ATI logo.
The calculations used for figure 5.18 show that the figure of merit (v^ dc/c^ op) increases 
with increasing number of sprayed layers for both Ag NW and Ag NW/PEDOT:PSS 
samples. Moreover, the samples with PEDOTiPSS show higher figure of merit values in 
comparison to those without the polymer. The values increases from about 3.7 to 36.5 and 
60 for Ag NW and Ag NW/PEDOT:PSS samples respectively. The high values achieved 
after the deposition of the polymer are mainly due to the significant improvement in the 
electrical properties of these samples and at the same time the negligible effect on the 
optical transmission. These values of are higher than the required values for
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industrial use (> 35) which implies that the sprayed nano-composite samples are suitable 
for transparent electrode applications. The figure also shows that the values of OdJc^ op in the 
case of sprayed films are higher when compared with those of transferred samples. This 
indicates that the quality of the sprayed samples is much better than the transferred films. 
The high quality achieved with the sprayed samples is mainly due to the better control over 
the deposition process of the nanowires in spray technique.
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Figure 5.18: Variation o f sheet resistance and optical transparency @ 550 (open squares □ fo r  Ag 
NW  and solid squares m for PEDOT:PSS/Ag NW) and the corresponding figure o f  merit (open 
circles o fo r  Ag NW  and solid circles •  for PEDOT:PSS/Ag NW) o f sprayed Ag NW  and
PEDOT:PSS/Ag NW  samples.
The figure of merit values of sprayed Ag NW and Ag NW/PEDOT:PSS samples are 
higher than those reported in literature for graphene {adff^op ^  0.5) and carbon nanotubes 
{(^ dc/(^ op = 25) [23]. Figure 5.19 summaries the optical and electrical properties of Ag NW 
and Ag NW/PEDOT:PSS thin films and shows a comparison between the calculated figure 
of merit values and those fitting curves obtained from equation (5.2). The figure also shows 
how these results compare with the high OdJ(^ op value of the transparent conductor ITO with 
sheet resistance of about 10 Q/d and 90 % transmittance [24].
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Figure 5.19: Sheet resistance versus optical transparency (@ 550) o f A g N W  and Ag NW / 
PEDOT.PSS nano-composite films in comparison with ITO and the fitted curves o f  transparent 
electrode figure o f  merit obtained from equation (5.2). The sprayed Ag NW  and PEDOT:PSS/Ag 
NWfilms with high nanowires density exhibit high figure o f  merit values (>25), as shown in the 
shaded square, and can replace the ITO which is represented here with a star corresponding to
figure o f merit value o f350.
It can be observed from the figure that for transferred Ag NW/PEDOT:PSS films (open 
squares), only one sample with nanowire concentration of 0.8 mg/cm^ shows high cjdjcyop 
values (-75) but has low transmittance (< 60%), which does not meet the requirements for 
the transparent electrode applications. In contrast, many sprayed Ag NW and Ag 
NW/PEDOT:PSS samples which were obtained from 30 -  50 spray runs (black and red 
circle) show high OdJoop values (> 35) with transmittance greater than 80 % and sheet 
resistance less than 100 Q/u. The GdJoop values of these samples are shown within the 
shaded square in the figure and they fulfill the requirements for optoelectronic device 
applications. However, the issue with the Ag nanowire samples is the high roughness as
discussed previously but with the deposition of the polymer this matter can be overcome.
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This can be seen in the figure where the Ag NW/PEDOT:PSS samples are represented by 
the red circles inside the shaded square. The figure also shows the figure of merit value of 
the transparent electrode ITO which is represented by a star situated at the middle of the left 
side of the shaded square. The Gdc/(^ op value of ITO is in the range of 350 -  400 and is about 
six times higher than those of the nano-composite samples. This mismatch can be 
significantly reduced by increasing the aspect ratio of the nanowires which could reduce the 
percolation threshold, improve the transparency and enhance the conductivity of the 
nanowire network.
For transparent conductive electrode applications, haze is another important factor 
which measures the degree of the diffuse light scattering through the transparent electrode. 
The optical haze is given by [25];
Haze = Z£££TZ£2££ (5.3)
Ttot ^
where Ttot and Tspec are the total and specular transmittance, respectively. Transparent 
electrodes with high haze values are advantageous for some applications such as 
photovoltaic devices. Scattering increases the path length of the transmitted light through 
the device which, as a result, enhances the light absorption and improves the overall 
performance of the cell [26]. However, the optical haze needs to be minimized for some 
applications particularly display devices where high transparency and clear images are 
required [19,25]. In the case of silver nanowires, the film usually exhibits some haze due to 
the scattering properties of silver nanowires [27]. Haze values ranging from 5 to 60 % have 
been reported in literature for silver nanowire electrodes and shown to be tuned by 
controlling the aspect ratio of the nanowires and their density in the film [25, 26]. In this 
study, the average haze values of PEDOT:PSS/Ag NW composite electrodes was found to 
be in the range of 9.5 -  13.7 % which is in good agreement with the reported values for Ag 
NW electrodes and slightly higher than those of the ITO (1-3%) [25]. Table 5.2 summaries 
the properties of the PEDOT:PSS/Ag NW transparent electrodes as a function of the 
number of sprayed layers.
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Table 5.2: Optical and electrical properties of PEDOT:PSS/AgNW transparent electrodes.
No. of sprayed 
layers
Coverage
(%)
T
(%)
Rs
(î1/d)
<^ Dc/ <^0P
(A ')
4[>te
(10^ n-^)
10 12.1 93.3 990.6 3.7 0.37
20 16.4 88.4 139.9 17.7 1.65
30 17.5 86.6 83.4 25.4 2.19
40 19.1 84.9 56.1 31.3 2.32
50 25.1 80.7 26.2 59.9 3.96
5.5. Effect o f  thermal treatment on the electrical properties o f  the nano-composite
film
Thermal treatment did not improve the electrical properties of PEDOTiPSS/ MWCNT 
nano-composite films as shown in Chapter 4 due to the evaporation of the doping agent 
from the conductive polymer. However, annealing silver nanowire samples show 
improvements in the electrical conductivity as a result of improving the contact between 
these nanowires. Thermal treatment was also applied to PEDOT:PSS/Ag NW composite 
samples in order to investigate the effect of annealing on the electrical conductivity of these 
samples. The electrical performance of these samples after annealing at 120 °C for 30 
minutes is shown in figure 5.20. Moreover, the figure shows the effect of adding silver 
nanowires and the thickness of the polymer on the electrical properties of the nano­
composite samples.
It can be seen from figure 5.20 that the sheet resistance of PEDOTiPSS samples 
remarkably decreases with decreasing the spin speed. This is due to the fact that the sheet 
resistance is inversely proportional to the thickness of the sample and with decreasing 
speed of the spin coater, thicker films form. However, the decrease in the sheet resistance 
with increasing the thickness of the polymer in the composite sample with silver nanowires 
is not significant, which suggests that the majority of the conduction process is taking place 
via the nanowire network.
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Figure 5.20: Effect o f  annealing on the sheet resistance o f  PEDOT.PSS and PEDOT:PSS/Ag 
nanowire thin films. Reducing the thickness o f  PEDOT.PSS samples and applying thermal 
treatment increases the sheet resistance. These effects are insignificant in the case o f 
PEDOT:PSS/Ag NW  sample which indicates that the nanowires plays the major role in conduction
process.
It can be also observed from the figure that there is an increase in the sheet resistance 
in both cases for samples with and without Ag nanowires after thermal treatment. This 
increase in the sheet resistance can be explained according to the FTIR-results which shows 
the effect of annealing on the removal of the organic dopant from the samples. However, 
the degradation in the conductivity is less for the samples with nanowires. This again 
confirms that the conduction in the nano-composite occurred mainly via the nanowires and 
the contribution of the polymer in the conduction process is very small. Furthermore, it 
explains why the sheet resistance of the sample with the nanowires remains almost the 
same even after annealing and the slight increase is mainly due to the change in the 
polymer conductivity after thermal treatment. These results support the previous findings 
on the PEDOT:PSS/MWCNT nano-composites which show that the overall conductivity of 
the nano-composite sample is determined by the conductivity of the nano-material or the 
polymer, whichever is higher and the role that the other component plays to improve the 
conductivity is minor.
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5.6. Effect mechanical bending on the electrical properties o f the nano-composite 
film :
One of the advantages of using the nanowires as transparent electrodes is that their 
compatibility with flexible substrate and electrical stability against mechanical bending. 
The electrical properties of nano-composite samples were tested over 150 bending cycles 
and the variation in the sheet resistance is shown in figure 5.21. After each bending cycle 
the sheet resistance was measured for both Ag NW and Ag NW/PEDOT:PSS samples. It 
can be observed from the figure that there is no significant change in the sheet resistance 
values of these samples even after 150 bending cycles. Only slight fluctuation can be 
observed from the figure within an average value of about 6.4 % of the initial sheet 
resistance values of the nano-composite samples. This electromechanical stability is one of 
the key factors which distinguishes these samples from ITO and shows their potential for 
flexible electronics applications.
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Figure 5.21: Effect mechanical bending on the resistance o f  Ag NW  and Ag NW/ PEDOT. PSS thin
films.
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5.7. Summary
Preparation and characterization of PEDOT:PSS/Ag NW composite films have been 
carried out. Highly conductive silver nanowires with high aspect ratio were grown using a 
salt-mediated soft polyol method. Thermal treatment improves the contact between the 
nanowire at the junctions and leads to improved electrical performance of the nanowire 
films. The nano-composite samples were prepared using two methods: film transfer and 
spray/inkjet printing technique. The effect of nanowire concentration on the morphological, 
electrical and optical properties of these samples has been investigated.
Morphological studies of PEDOT/Ag NW show that a percolated network of 
nanowires with excellent distribution can be achieved by increasing the concentration of the 
nanowires in the samples. Increasing the density of the nanowires also improve the 
electrical conductivity via increasing the conductive paths in the film. However, the 
transparency of the film is adversely affected by the high coverage of silver nano wires. 
Moreover, the roughness of the sprayed samples was found to increase with the nanowire 
concentration and this forms a major issue for some practical applications. Inkjet printing of 
PEDOTiPSS layers was found to smoothen the film and improve the electrical properties 
with slight reduction in the transparency of the film.
The calculations revealed that the figure of merit values of the sprayed 
PEDOT:PSS/Ag NW samples meet the requirement of the transparent electrode application 
and therefore, these sample can be a potential replacement for ITO. The effect of thickness 
and thermal treatment on the electrical properties of the PEDOT:PSS/Ag NW composite 
films show the importance of nanowires in the conductivity enhancement of the nano­
composite samples. Finally, the samples show excellent electrical stability against 
mechanical bending which makes them very promising candidates for flexible electronics.
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C hapter 6:
Materials Testing and Applications
6.1. Introduction
Conductive nano-composite materials have significant potential to be used in a number 
of applications ranging from solar cells, photodiodes, supercapacitors, display devices to 
printable conductors, advanced transistors, bio and chemical sensors [1]. In this chapter the 
conductive nano-composite of PEDOT:PSS/MWCNT and PEDOT;PSS/Ag NW are tested 
for gas sensing and organic light emitting diode (OLED) applications. The performance of 
these devices is demonstrated and the role of these nano-composite materials highlighted.
6.2. PEDOT:PSS/MWCNT nano-composite fo r  gas sensing
Gas sensing devices receive considerable interest and can be found in a wide range of 
applications such as medical diagnosis, environmental pollution, food industry, public 
safety and agriculture [2, 3]. A gas sensor needs to have high sensitivity for low gas 
concentrations, good selectivity towards different gases, fast response and low-cost. 
Moreover, operation at room temperature, low power consumption and portability are 
desirable [2, 4]. Carbon nanotubes are considered as excellent materials for gas sensing 
applications due to their sensing prowess such as their sensitivity, high aspect ratio, 
chemical stability and capability for various functionalizations [2, 5, 6]. Furthermore, they 
have been successfully tested for high performance gas sensing devices using different 
operational modes [5]. The chemi-resistive sensor is the most common and simple 
configuration and its operation is based on the change in conductivity of the sensor as a 
result of gas molecules adsorbed by the nanotubes [3, 7].
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The gas sensing mechanism of carbon nanotubes has been reported in different studies 
[3, 8 ]. Multi-walled carbon nanotubes behave as a p-type material when used for gas 
sensing. Based on the gas type, the conductivity of the nanotube sensor may increase or 
decrease [3]. When the sensor is exposed to an oxidizing gas like oxygen (0%) and nitrogen 
dioxide (NO2), the gas molecules are adsorbed on the surface of the nanotube which leads 
to the transfer of electrons from the nanotube to the gas, an increase in carriers (holes) 
concentration in the nanotubes and a reduction in the resistance of the sensor. On the other 
hand, reducing gases such as ammonia (NH3) and ethanol (C2H5OH) donate electrons to the 
nanotubes which reduces the hole density and increases the resistance of the sensor [9-11]. 
The sensitivity and selectivity of CNT sensors towards different gas species can be 
remarkably improved by functionalizing the nanotubes with chemical groups, metal 
particles and organic molecules, etc. [12-15].
The sensitivity Sg of the sensor is given as [16, 17]:
^  X  100 =  X  1 0 0  ( 6 . 1 )
where AR is the variation in the resistance (O), RaOnd Rg are the resistances of the device in 
air and gas, respectively. The response of the sensor is also an important factor and has an 
impact on the performance and use of the sensor. The response and recovery times 
represent 95% of the total change time during adsorption or desorption cycles [16]. The 
performance of the CNT-based sensor can be enhanced by the functionalization of the 
nanotubes or their composites. Therefore, in the next section, multi-walled carbon 
nanotubes with different functionalization (acid, surfactant and polymer functionalized 
nanotubes) are used for the sensing of different gas vapours and the effect of different 
functional groups on the performance of the resistor-sensor fabricated entirely by using the 
inkjet printing technique is presented and discussed.
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6.2.1. Fully printed PEDOT:PSS/MWCNT nano-composite gas sensor
Carbon nanotubes based resistor sensor was completely fabricated using inkjet printing 
technique via two simple steps. First, silver interdigitated electrodes were printed on a 
cleaned PET substrate using Ag nanoparticles ink and sintered at 150 °C for 30 minutes. 
The use of the interdigitated structured electrodes has been reported to improve the 
performance of the gas sensor [18]. Then the sensor was completed by printing the 
nanotube films over the area between the electrodes. All nanotube inks are water-based 
solutions with high surface tension (~ 72.80 mN/m) making them incompatible with the 
printing technique. In order to overcome this problem and to make these inks suitable for 
the inkjet printing technique, a small amount of ethanol ( 20 -  30 vol %) was added to 
reduce the surface tension to the range of 28-33 mN/m which meets the requirements of the 
printer. Moreover, the viscosity of the inks was adjusted to be in the range 5-7 cPs. Figure 
6.1 shows a photograph and microscopic image of the printed sensor and the structure of 
the electrodes. The area of the printed active layer is about 1 mm^ and was obtained by 
printing 10 layers of functionalized carbon nanotubes which correspond to an average 
thickness of about 40 nm and base electrical resistance in the range of 18 -  34 kQ.
Figure 6.1: Fully printed and flexible CNT based gas sensor: photograph o f  the sensor (left), 
optical microscope image shows the printed silver interdigitated electrodes (middle) and SEM  
image shows the printed carbon nanotubes between the electrodes.
157
6.2.2. Gas sensor performance analysis
The sensors fabricated using pristine PEDOTiPSS, pristine MWCNT and MWCNT 
with different functionalization methods: SDS, COOH and PEDOTiPSS were tested. The 
performance of these sensors at room temperature in the presence of different 
concentrations of ethanol vapour from 200 to 1000 ppm is shown in figure 6.2. The 
response-recovery characteristics were continuously recorded during the gas exposure 
cycles. The vapour was introduced into the chamber for about 200 second and stopped for 
another 200 second whilst exposing the sensor to dry air flow.
Concentration (ppm) 
200 400 600 800 1000
cc
P E D O T ;PSS-C N T2
1
0
COOH-CNT2
1
0
SD S-C N T2
1
0
Pristine CNT2
1
0
PED O T iP S S2
1
0
0 500 1000 1500 2000
Time (s)
Figure 6.2: Sensitivity o f  the printed ethanol vapour sensor with different CNTfunctionalization
methods and different concentration o f ethanol vapour. The nano-composite based sensor exhibits
improved sensing properties in comparison with the pristine CNT and polymer based sensors.
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It can be seen from figure 6.2 that the sensitivity and the response time of the sensor 
vary with the different functionalizations of the nanotubes. For the pristine polymer, the 
sensor seems to have a short response and recovery time with obvious change in the 
sensitivity with the different gas concentrations. The pristine CNT sensor shows a similar 
sensitivity range with less variation with gas concentration and a long recovery time. In the 
case of SDS-CNT, the performance of the sensor becomes very poor with less sensitivity 
and long response and recovery times of 16 and 210 s respectively. The poor performance 
with SDS functionalization could be attributed to the surfactant molecules which isolate the 
nanotubes and prevent them from efficient reaction with the gas molecules. The alkyl chain 
of the surfactant interact with the CNT side wall through the hydrophobic-hydrophobic 
interactions and encapsulate the nanotubes [19]. This leads to the formation of a hydrogen 
rich shell around the nanotubes with less ability to extract electrons from the ethanol due to 
the weak electronegativity in comparison with carbon atoms. Fewer extracted electrons 
means less effect on the hole concentration in the nanotubes and hence less sensitivity of 
the sensor. It can be also noticed from the figure that sensor with oxidized nanotubes shows 
enhanced performance in comparison with pristine nanotubes. The average enhancement 
factor (sensitivity of functionalized CNT/sensitivity of pristine CNT [20]) in the sensitivity 
of the sensor is about 1.7. The improvement in the performance as a result of nanotube 
oxidization is in good agreement with that reported in the literature and is attributed to the 
presence of oxygen atoms in the fimctional group. Due to the high electronegativity of 
oxygen in comparison with carbon, oxygen can attracts more electrons from ethanol 
molecules which may decrease the hole concentration in the nanotubes, increase the 
resistance and as a result contributes to the sensitivity of the device [3]. The effect of the 
most outer atoms electronegativity on the sensing properties of the sensor is illustrated in 
figure 6.3. There is improvement in the response time of the sensor, yet the recovery time 
increased by about 35 % of that of pristine CNT. An obvious enhancement in the sensitivity 
and the response and recovery times of the PEDOT:PSS-CNT based sensor is evident from 
the figure. The sensitivity is remarkably improved with different gas concentration in 
addition to the fast response and recovery times. The high performance of the polymer 
functionalized nanotubes sensor could be mainly a result of combining the sensing
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properties of the two materials: the polymer and the nanotubes. In addition to the effect of 
the reducing gases on the carrier density in the nanotubes, gas molecules are also adsorbed 
by polymer chains which lead to a reduction in the carrier concentration making the 
polymer backbone more neutral [21]. This in turn may cause an additional increase in the 
resistance of the nano-composite film and multiplies the sensitivity of the sensor. 
Moreover, the improvement in the recovery time can be attributed to the weak interaction 
between the polymer and vapour molecules which can be easily desorbed upon exposure to 
air flow. The improvement in the response of polymer-CNT composites based sensors and 
the enhancement in the sensing properties, like selectivity and sensitivity towards gas 
species by modifying the nanotubes with polymer, have been reported in different studies 
[12, 15, 22-24].
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Figure 6.3: Dependence o f  the sensitivity on the electronegativity o f  the functiona l group.
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The calibration curves of these sensors are shown in figure 6.4. It can be seen from the 
figure that all the responses recorded for the different sensors are linear with respect to the 
concentration in the range from 200 to 1000 ppm. Moreover, the variation/enhancement in 
the sensor sensitivity (the slope of calibration curve AS/AC) with changing ethanol vapor 
concentration is almost similar for pristine and SDS functionalized nanotubes, although the 
use of the surfactant adversely affects the sensitivity of the sensor. It can also be observed 
that the variation in sensitivity is slightly higher for the oxidized nanotubes and about one 
order of magnitude higher in the case of polymer functionalized nanotubes. The remarkable 
improvement in the sensitivity and the response of the sensor with polymer functionalized 
nanotubes is mainly due to the combined effect from the two materials and to the network 
configuration which allows for high porosity and hence high sensing area. The sensing 
characteristics of these sensors with different CNT functionalization are presented in table
6.1. As seen from the table, the PEDOT:PSS-CNT based-sensor shows the best sensing 
properties.
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Figure 6.4: Calibration curves o f  the printed ethanol vapor sensor with different CNT 
functionalization methods and different concentration o f  ethanol vapor. All sensors exhibit linear
responses over the tested concentration range.
151
Table 6.1: Ethanol sensing properties of CNT-based sensors
Sensor active 
layer
Enhancement 
factor (Average)
Sensitivity
AS/AC
Response / Recovery times 
(1000 ppm) (s)
PEDOT:PSS - 6.55x10'^ 8/40
Pristine CNT 1 3.65x10"^ 25/135
SDS-CNT 0.57 3.75 x IQ-^ 16/210
COOH-CNT 1.67 8.05x10'^ 9/185
PEDOT:PSS-CNT 2.53 2.44 X 10'^ 13/60
PEDOT:PSS-CNT based-sensors which show the best sensing properties were also 
tested to detect different volatile organic compounds (VOC) and inorganic compounds and 
the sensitivities of the sensor towards these analytes are shown in figure 6.5. It can be 
observed from figure 6.5 that the sensor shows different degrees of sensitivity towards the 
different vapours. The sensor is less sensitive to IPA and acetone and the sensitivity 
increases for methanol, ethanol and ammonia respectively.
The sensor sensitivity for each gas is determined by two important rival factors: the 
ability of each volatile to donate electrons to the polymer-nanotubes system and the 
swelling of the polymer caused by each compound [25]. Donating more electrons to the 
composite materials, as discussed previously, results in a reduction in the hole 
concentration in the nanotubes and the polymer as well, and as a result more variation in 
the resistance and more sensitivity. Similarly, swelling of the polymer leads to more 
separation of the nanotubes in the composite increasing the carriers hopping distance which 
in turn increase the resistance and sensitivity [24, 26].
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Figure 6.5: Sensitivity o f the printed PEDOTPSS-CNT towards different volatile organic 
compounds and ammonia. The sensor exhibit high sensitivity and excellent response times towards
ethanol and ammonia vapour.
The calibration curves for the PEDOT:PSS-CNT based sensor with different volatile 
organic compounds and ammonia are shown in figure 6.6. The sensor exhibits low 
sensitivity towards acetone and IPA. The sensitivity increases by about one order of 
magnitude in the case of methanol and ethanol with better sensing properties to ethanol 
vapor. However, the highest sensitivity was recorded with ammonia vapour. The sensor 
shows improved sensitivity by about two orders of magnitude in comparison to other 
analytes. The sensitivity towards these analytes in the same order has also been reported by
Lorwongtragool et al. for carbon nanotube/polystyrene (CNT/PSE) thin films [27].
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However, the sensitivity of the PEDOT:PSS/CNT sensor is more than one order of 
magnitude higher than that of the CNT/PSE sensor over the same range of volatile 
concentrations. The high sensitivity can be attributed to the network configuration in 
addition to the polymer contribution to the conductivity of the nano- composite.
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Figure 6 .6 : Calibration curves o f  the printed PEDOT:PSS-CNT sensor show linear response 
towards different volatile organic compounds and ammonia.
The sensor was tested for low ethanol concentrations as shown in figure 6.7 and the 
minimum concentration was measured is 25 ppm. The reproducibility and long-term 
stability are very important factors and determine the quality of the gas sensor devices. The 
PEDOT:PSS-CNT sensor shows high sensitivity, reversible change in the resistance, fast 
response, good stability and reproducibility when exposed to ammonia gas over the 
concentrations range investigated, as shown in figure 6.8.
164
0.6
01 °
^  0 .4 -<
0 . 2 -
0.0
0 500 1000 1500 2000
Time (sec)
Figure 6 .7: Sensitivity o f the printed PEDOTPSS-CNT to low ethanol concentrations. The sensor 
shows very low detection limit o f 25 ppm to ethanol vapour.
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Figure 6 .8 : Reproducibility and performance stability o f  the printed PEDOT:PSS-CNT sensor 
under different concentrations o f  ammonia vapour.
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6.3. PEDOT:PSS/Ag N W  composites fo r  ITO-free organic light emitting diodes
(OLEDs)
In recent years, there has been an increasing interest in using organic light emitting 
diodes for lighting applications. They are used in display backlighting, communications, 
medical services, indoor and outdoor lighting [28-30]. The reason that OLEDs are 
increasingly being used as lighting sources in many applications is mainly advantages such 
as high efficiency, low power consumption, high contrast, fast switching speed, long life 
time, light weight and flexibility [29, 31-33]. In general, the OLED device is composed of a 
transparent anode (ITO), hole injection/transport layer (HTL), organic emitting layer, 
electron injection/transport layer (ETE) and cathode (Al) [29]. Figure 6.9 shows the energy 
diagram of the various layers in an organic light emitting diode.
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Figure 6.9: Energy levels o f the different layers in OLED. The electron blocking/injection barrier 
(EBB/EIB) and holes blocking/injection barrier (HBB/HIB) assist fo r  better confinement o f  the 
charge carriers within the emissive layer which increases the probability o f light emission via
radiative recombination [34].
In OLED, electrons and holes are injected from the electrodes into the emissive organic 
layer. For efficient carrier injection, low work function metal electrode is used to assist the 
electron injection process and a high work function transparent electrode is preferred for
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hole injection [35, 36]. The carrier injection process plays a major role in the operation of 
the OLED and strongly affects the performance of the device. Furthermore, balanced 
carrier flow is essential to improve the performance and life time of the device [28, 37]. 
The injected carriers move under the influence of the applied electric field and recombine 
in the active layer to form excitons which produce electroluminescence when they 
radiatively decay. The colour of the emitted light depends on the band gap of the organic 
material and can be changed over a wide range of colours by using proper organic material 
or materials blends [36].
Different parameters are used to assess the performance of the organic light emitting 
diodes such as external quantum efficiency, turn on voltage, luminance and luminance 
efficiency. The external quantum efficiency {kjeqe)  of OLED is giving by [38]:
Ve q e  — y V p V r ^ P L  (6.2)
where, y  is the carrier recombination efficiency (holes/electron ratio), % is the light out- 
coupling efficiency, rjr is the production efficiency of singlet or triplet exciton and d>pi is 
the photoluminescence quantum efficiency. To achieve high external quantum efficiency 
for the device, the four quantities in equation (6.2) need to be maximized via different 
approaches. The barrier between the electrode and polymer layer should be minimized by 
using appropriate electrode materials/interfacial layers for efficient charge injection and 
hence better performance. Furthermore, identical values of the electron and hole mobilities 
assist to attain good charge balancing within the device leading to higher recombination 
efficiency. The recombination zone can also be adjusted by optimizing the thickness of the 
active layer or the use of charge extraction barriers for enhanced photoluminescence 
efficiency. In addition, light output efficiency can be significantly enhanced by reducing the 
internal reflection and trapping of the light through device architecture modifications. This 
includes treatment of the substrate surface, surface patterning, adjusting the refractive index 
of the various layers and the use of micro-lenses [36-39].
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6.3.1. Fabrication o f PEDOT:PSS/Ag NW  composite based OLED
The transparent conductive electrode is an essential part in organic light emitting diode 
structure to allow light emission from the device. Currently, the most common electrode for 
OLEDs is indium tin oxide (ITO) due to its high optical transparency and high 
conductivity. However, the high cost of the ITO, brittleness, high temperature processing 
and incompatibility with flexible substrates increase the demand for low-cost, flexible and 
solution-processable alternative electrodes [40, 41]. PEDOT:PSS/Ag NW conductive 
composite with high conductivity, optical transparency and figure of merit values (as 
shown in Chapter 5) is a potential replacement for ITO. Therefore, the conductive 
PEDOT:PSS/Ag NW composite was used as a transparent electrode to replace the ITO in 
the fabricated OEED.
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Figure 6.10: ITO-free organic light emitting diodes: (A) OLED structure based on 
PEDOT:PSS/Ag NW  conductive transparent composite electrode. (B) Energy band diagram o f  the 
different materials used in the device. The nanowires in the nan-composite electrode provides high 
conductivity and transparency together with the polymer which serve as hole transport layer.
The fabrication of OLED devices and encapsulation were carried out in a glovebox
under Ni atmosphere. Poly (9,9'-dioctylfluoreneco-benzothiadiazole) (F8TB) (5 mg/ml in
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chloroform) was spun coated on top of the PEDOT:PSS/Ag NW composite electrode with a 
thickness of about 100 nm as an emissive layer. Then, 5 nm of 2,9-Dimethyl-4,7-diphenyl- 
1,10-phenanthroline (BCP), the electron transport layer, was thermally evaporated. Finally, 
the device was completed by evaporating ~ 60 nm of aluminum at low deposition rate (~ 2 
A/s) as a back electrode. The area of the tested OLED was 8 mm^. The luminescence data 
of the device was measured using a calibrated silicon photodiode. The structure and the 
energy band diagram of the different layers in the device are schematically illustrated in 
figure 6.10.
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Figure 6.11: Current density (solid m and open □ squares) and Luminance (solid •  and open o 
circles) as functions o f applied voltage o f  organic light emitting diodes made using PEDOT:PSS/Ag 
NW  composite and ITO as transparent electrodes. The photograph in the figure shows bright OLED 
made using PEDOT PSS/Ag NW  composite electrode.
The performance and the photograph of the ITO-free fabricated OLED is shown in 
figure 6.11. It can be observed from the figure that the device turns on at a relatively low 
voltage ~ 5 V, similar to that made using ITO. Furthermore, it shows a maximum 
luminance of about 2x10^ cd/m^ operating at about 8 V. This value is about six times less
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than that obtained for the deviee with the ITO electrode. The low luminance value can be 
attributed to the fact that the device structure was optimized for the ITO electrode but not 
for silver nanowires. Hence, optimization of the various layers to improve the performance 
of the deviee is required. Furthermore, the electrode effective area in the ease of silver 
nanowires is less than that of the ITO which can also influence the performance of the 
device.
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Figure 6.12: External quantum efficiency (solid ■ and open □ squares) and luminance efficiency 
(solid •  and open o circles) v^ '. current density o f organic light emitting diodes made using 
PEDOT:PSS/Ag NW  composite and ITO as transparent electrodes.
To further investigate the performance of the device, the external quantum efficiency 
(EQE) and the luminance efficiency (LE) were calculated as shown in figure 6.12. The 
average values of external quantum efficiency and luminance efficiency of the 
PEDOT:PSS/Ag NW based OLED is more than 10-fold less than that of the ITO-based 
deviee. Moreover, the low luminance efficiency value at high current density indicates that 
the charge injection process is inefficient which supports the need of optimization of the 
various layer in the deviee. This also includes the use of additional layers to reduce the
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mismatch in the energy levels between the electrode and the active layer. These results 
demonstrate the high potential of the nano-composite electrode to replace the ITO and the 
chances can be increased by additional improvement in the device structure.
6.4. Summary
The use of PEDOT:PSS/MWCNT and PEDOT:PSS/Ag NW in gas sensing and light 
emitting diodes was demonstrated. A fully printed gas sensor based on 
PEDOT:PSS/MWCNT was fabricated and tested for ethanol vapour detection. The sensor 
shows improved performance and fast response and recovery times with good reversibility. 
Similarly, PEDOT:PSS/Ag NW was successfully utilized as a transparent electrode for 
OLED devices. The device shows good performance with maximum luminance of 2000 
cd/rn .^ Significant improvement in the device performance is expected with the appropriate 
device structure.
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C hapter 7:
Conclusion and future work
7.1. Conclusion
The aim of this work was to further improve the conductivity of the conductive 
polymer, PEDOT:PSS, by adding a conductive nano-filler in order to increase its use 
feasibility for device applications. To achieve that, conductive nano-composites of 
PEDOTiPSS with MWCNT and Ag NW were prepared and characterized for large area 
device applications. The nanotubes were functionalized non-covalently with carboxylic 
acid and covalently with surfactant and PEDOTiPSS in order to debundle the nanotubes 
and to obtain stable dispersion in aqueous solvents. The effect of the functionalization 
methods on the structural properties was investigated by Raman scattering. The covalent 
functionalization strongly affects the structure of the nanotubes and increases the 
disordered sp^ carbon ratio whereas the effect in the case of the non-covalent 
functionalization methods was found to be very minor. The functionalized nanotubes were 
added to the conductive polymer at different concentrations {0.0 -0 .5  wt. %) to produce 
printable PEDOTiPSS/MWCNT inks. The conductive nano-composite inks were 
successfully prepared and printed into thin film samples. The printed nano-composite 
samples were morphologically, electrically and optically studied and compared with those 
obtained from the pristine polymer.
Uniform printed pristine polymer samples were obtained by optimizing the printing 
conditions. These include the firing voltage, drop spacing, print head-substrate distance, 
substrate treatment and temperature. The sheet resistance values of these samples was 
found to be in the range of (1-3 kQ/n) and decreased with increasing thickness of the 
samples. The optical transparency of these samples was also found to decrease as the
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number of printed layer increased. SEM studies carried out on the PEDOT:PSS/MWCNT 
samples have shown the formation of a good network with excellent distribution of the 
surfactant dispersed nanotubes in the printed sample can be attained by increasing the 
nanotube concentration in the nano-composite. However, relatively high nanotube 
concentrations (> 0.03 wt. %) resulted in some nanotube aggregates in the printed samples. 
The presence of the acid and polymer functionalized nanotubes on the sample surface was 
not obvious in SEM images because these functionalization methods make the nanotubes 
more compatible with PEDOTiPSS matrix and as a result the nanotubes are embedded in 
the polymer film. The effect of the incorporation of the nanotube in PEDOTiPSS on the 
film morphology and surface roughness was also investigated by ATM. The roughness was 
found to increase with increasing nanotube concentration in the ink which is mainly due to 
the increase in the overlapping nanotubes in the sample. The roughness values were found 
to be higher for oxidized nanotubes due to the random attachment of the polymer chains to 
the side-wall of the nanotube making the nanotubes thicker.
Electrical measurements performed on the nano-composite samples show degradation 
in the electrical conductivity of all samples after the incorporation of the nanotubes. The 
degradation also increases with increasing the nanotube concentration. In addition, the 
electrical performance of the composite was found to depend on the electrical properties of 
the conductive polymer and CNT network. Conductivity improvements by two orders of 
magnitude and degradation by one order were recorded after adding multi-walled carbon 
nanotubes to different types of PEDOTiPSSi CLEVIOS™ P Jet HC and P Al 4083. Unlike 
the other polymeric system, the addition of carbon nanotubes to a conductive polymer 
matrix does not necessarily increase the conductivity of the resulting composite. The 
electrical properties of the initial materials, the polymer and nanotube networks, used to 
make the conductive composites are of importance and dictate the electrical performance of 
PEDOTiPSS/CNT composite, and should be considered when designing and analysing the 
performance of nano-composite materials.
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The effect of wetting properties on the electrical conductivity of PEDOTiPSS was 
studied and used to explain the observed variation in the performance of the 
PEDOTiPSS/MWCNT nano-composites. The results show a significant effect of wetting 
on the conductivity of the films, which is mainly due to morphological changes induced by 
wettability variation. The changes in the surface tension of the nano-composite solution 
after the addition of the nanotubes could be the main factor behind the conductivity 
enhancement observed in many studies. The effect of thermal treatment on the electrical 
performance of PEDOTiPSS nano-composite samples was also investigated. Although 
thermal treatment has been reported to improve the conductivity of PEDOTiPSS films, the 
thermal treatment in air and N2 ambient was found to further degrade the conductivity of 
the nano-composite samples. The FTIR data revealed that the doping agent, diethylene 
glycol, was removed from the sample after thermal treatment via evaporation. This suggests 
that the thermal treatment of some highly conductive versions of PEDOTiPSS with 
secondary dopant is not appropriate. The alignment of CNT in the printed samples was 
demonstrated via a novel, simple and effective method with noticeable improvement in the 
roughness and conductivity of the printed nano-composites. This is in a good agreement 
with the literature and shows that the properties of PEDOTiPSS/CNT composites can be 
significantly improved by achieving a good alignment of the nanotubes in the nano­
composite hybrid samples.
Fully printed carbon nanotube gas sensors on flexible substrates with improved ethanol 
sensing characteristics have been demonstrated. The sensors were fabricated via two simple 
steps I printing of the electrodes and the sensor active layer. The sensitivity of the printed 
sensors was found to vary with the electronegativity of the different functional groups. The 
performance analysis shows significant enhancement in the sensitivity of the 
PEDOTiPSS/CNT nano-composite based sensor in comparison with other functionalization 
methods with an enhancement factor greater than 2.5. Moreover, a remarkable 
improvement in the response and recovery time of the sensor is noticed. The sensor also 
shows high sensitivity towards ammonia vapour with good reversible response. The 
sensitivity of the PEDOTiPSS/MWCNT composite based sensor is more than one order of
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magnitude higher in comparison with those based on polystyrene/nanotubes composites. 
The high sensitivity is mainly due to the network configuration and the polymer 
contribution to the resistance of the sensor.
Similarly, silver nanowires were used to enhance the conductivity of the PEDOTiPSS 
for practical applications. High aspect ratio nanowires, among the highest in the literature, 
were successfully grown by salt-mediated soft polyol method via optimized growth 
conditions. The concentration of the capping agent (PVP) was found to strongly affect the 
growth of the nanowires and with optimized concentration, high aspect ratio can be 
achieved. The average length of the grown nanowire was found to be about 28 pm and the 
average diameter about 99 nm. The effect of the thermal treatment on the electrical 
properties of the nanowires film has been studied. Annealing the nanowire samples helps to 
fuse the nanowires at the junctions and improves the conductivity by reducing the contact 
resistance between the nanowires. However, over-annealing breaks the nanowires and leads 
to non-continuous network.
PEDOTiPSS/Ag NW composites were prepared using two techniquesi films transfer 
and spray/inkjet techniques. In both methods, a percolated network of silver nanowires with 
excellent distribution was achieved by increasing the concentration of the nanowires in the 
nano-composite samples. The increase in the nanowire concentration leads to an increase in 
the nanowire coverage which has a significant impact on the electrical and optical 
properties of the nano-composite films. With increasing nanowire density the sheet 
resistance and optical transparency of the film decreased. For transferred nano-composite 
films, low sheet resistance values ( 6  Q/u) were achieved with increasing the density of the 
nanowires in the nano-composite film to 0.8 mg/crn . However, the film exhibited low 
optical transparency. By optimizing the concentration of the nanowires in the transferred 
composite sample, sheet resistance less than 50 F2/d and transparency of about 80% were 
produced.
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The sprayed/inkjet printed PEDOT:PSS/Ag NW samples seems to be more promising 
in terms of preparation techniques (compatibility with large area applications and Reel-to- 
Reel device production), electrical and optical performance. The spray technique allows for 
more control of the density of the nanowires in the film which can be tuned by increasing 
the number of sprayed layers until a percolated nanowires network is attained. However, 
with increasing the number of sprayed layers, the roughness of the film increases and was 
found to be in the range 55-80 nm. These roughness values were reduced to about 18 nm 
after the deposition of about 60 nm of PEDOTiPSS and could be reduced further by 
printing more layers. Electrical measurements showed significant improvement in the 
electrical performance of the nano-composite samples with increasing density of nanowires 
with a relatively slight reduction in the optical transparency in comparison with the 
transferred samples. Furthermore, the polymer/nanowires samples with high nanowire 
density exhibited high figure of merit values (~ 60). These values are higher than that of 
other conductive nanostructures such as graphene and carbon nanotubes and higher than the 
industrial requirement which make them a potential replacement for the ITO. The data also 
showed the major role of the nano wires in the electrical conduction process and the 
compatibility of these nano-composites with flexible substrates.
The use of PEDOTiPSS/Ag NW composite as a transparent electrode in light emitting 
diodes has been successfully demonstrated. The device exhibited good performance and 
showed a maximum luminance of about 2000 {cd/m^). However, the inefficient charge 
injection from the electrode caused low external quantum efficiency and luminance 
efficiency values. This is mainly attributed to the non-optimized device structure and with 
appropriate architecture, high performance of the device is anticipated.
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7.2. Future work
The conductive nano-composite of PEDOT:PSS/MWCNT and PEDOT:PSS/Ag NW 
are very promising materials for many applications. They were successfully employed in 
this work for sensing and lighting application. However, based on the results of this study, 
there is potential for further improvement in the properties of these nano-composites and 
hence their devices performance.
The electrical performance of PEDOT:PSS/MWCNT strongly depends on the 
conductivity of the initial materials, the polymer and the nanotubes. Therefore, the 
conductivity of the nano-composite can be significantly improved by using high quality and 
high aspect ratio nanotubes. Using long nanotubes helps to reduce the number of junction 
between the nanotubes and the resistance of the resulting composite. Moreover, improving 
the properties of the nanotubes along with controlling the wettability of the composite 
solution will assist in producing highly conductive and flexible nano-composite materials.
In the same context, understanding the charge transport in the nano-composite samples 
and the effect of nanotube functionalization on this process is very important. Therefore, 
the use of conductive atomic force microscopy is suggested. Conductive ATM can provide 
valuable information about the current map in the samples and the charge transfer from the 
polymer matrices to the nanotube and vice versa. High resolution AFM is also required to 
more accurately determine CNT loading in the nano-composite samples. In addition, inkjet 
printing together with technique TLM electrical measurements can be used to estimate the 
contact resistance between the different functionalized nanotubes and the polymer matrix 
via printing overlapping layers of CNT and PEDOTiPSS with different overlapping areas 
and measuring the contact resistance in each case. In this way a good approximation of the 
CNT-polymer resistance can be obtained.
The alignment technique which has been developed and presented in this work is a
very promising technique for the alignment of the nanotubes and can be optimized in order
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to achieve high conductivity for the composite. Different voltage values can be applied to 
attain some degree of alignment of the nanotubes so that they form a three-dimensional 
network in the printed samples. The effect of the alignment of the nanotubes can also be 
studied by high resolution AFM for better understanding of this effect on the polymer 
chains and the conductivity of the composite.
The performance of PEDOT:PSS/Ag NW composite strongly depends on the 
properties and density of the nanowires in the film. Increasing the nanowires density 
improves the electrical properties but adversely affect the optical transparency and 
roughness of the films. Thus, the use of silver nanowires of high aspect ratio (longer and 
thinner Ag NWs) is required for highly conductive and transparent nano-composite 
electrodes. The aspect ratio can be improved by tuning some of the synthesis parameters, 
particularly the type and concentration of the capping agent. In this work, the concentration 
of the PVP was shown to play a major role in the nanowire growth process. However, 
investigating other factors such as PVP chain length and the use of other common capping 
agent such poly (vinyl alcohol) (PVA) and polyethylenimine (PEI) to improve the aspect 
ratio of Ag NW is proposed. In addition, the use of transmission electron microscopy 
(TEM) to investigate the effect of growth parameters on the crystal structure of Ag 
nanowires is suggested.
The data obtained from the organic light emitting device (OLED) demonstrates the 
potential of the nanowire to replace ITO. To further improve the device performance and to 
beat that of the ITO, optimization of the other layers in the device is necessary. 
Furthermore, using additional hole transport layers to achieve efficient injection from the 
electrodes and to reduce the energy levels mismatch is vital to improve the device 
performance. And as stated previously, improving the aspect ratio of the nanowires would 
have a significant effect on the optical transparency of the electrode as well as the device 
performance.
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Appendix I: List of Symbols and Abbreviations
Symbols:
a cross-section area (w )^
A measured absorbance {AU)
COOH carboxylic acid
E applied electric field {N/C)
Ea activation energy {eV)
Ef Fermi level {eV)
E, Band gap {eV)
e electron charge (1.60 x 1 0 '^  ^C)
Sr relative permittivity
So permittivity of vacuum (8.854 x 1 0 ”^^  CVN.m^)
rj dynamic viscosity {Pa s)
y surface tension {N/ni)
h Planck’s constant (6.626 x J. s)
I intensity of transmitted light
lo intensity of incident light
1 -V current-voltage
À Wavelength {nm)
J current density {A/m^)
Jcb Boltzmann’s constant 1.38 x 1 0 “^  ^{J/K)
I distance between electrodes (m)
X Wavelength (nm)
V frequency {1 /s)
(P work function {eV)
r radius {m)
R resistance {Ü)
R2R roll-to-roll or reel-to-reel
Rs sheet resistance {ü/q)
rpm revolutions per minute
P resistivity {Q.cm)
P Power (Watt)
ppm parts per million
S-D source-drain
181
(7 conductivity (S/cm)
T Temperature (°C) degree Celsius
To Characteristic Temperature
t thickness (m)
e contact angle (°)
V Voltage (V)
v/v % Volume to volume ratio
w solid content (g)
wt % Weight per cent (%)
w/w % Weight/weight ratio
Zo Impedance of free space (fill Q)
c localization length
Abbreviations:
A Absorbance (AU)
AD Arc-discharge
A.U. Arbitrary unit
AFM Atomic force microscopy
BCP 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
BSE Backscattered electron
CB Conduction band
eu Continuous inkjet printing
CNT Carbon nanotubes
CP Conducting polymer
CVD Chemical vapour deposition
DI Water de-ionized water
DOD Drop on demand inkjet printing
DMSO Dimethyl sulfoxide
DWCNT Double-wall carbon nanotubes
EDS Energy Dispersive X-ray Spectroscopy
EG Ethylene glycol
F8 TB Poly (9,9'-dioctylfluoreneco-benzothiadiazole)
FT-IR Fourier-transform infrared
ITO Indium-tin-oxide coated glass
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H 2 S 0 4
HiPco
HOMO
HNO3
LUMO
MWCNT
NC
NH3
NMP
0-MWCNT
OLED
OPV
OTFT
P-MWCNT
PA
PEDOTiPSS
PET
PEA
PT
PVP
RBM
rms
rpm
S-MWCNT
SEM
SDS
SWCNT
T
TLM
Triton X-100 
UV-Vis-NIR 
VB
Sulphuric acid
Hi pressure carbon monoxide disproportionation 
Highest occupied molecular orbital 
Nitric acid
Lowest unoccupied molecular orbital 
Multi-wall carbon nanotubes 
Nanocrystalline 
Ammonia
N-methyl-2-pyrrolidone 
Oxidized multi-wall carbon nanotubes 
Organic light-emitting diode 
Organic photovoltaic 
Organic thin film transistor
Polymer functionalized multi-wall carbon nanotubes 
Polyacetylene
Poly(3,4-ethylenedioxythiophene)/poly(strenesulfonate) 
Poly(ethylene terephthalate)
Pulsed laser ablation 
Polythiophene 
Polyvinylpyrrolidone 
Radial breathing mode 
Root mean square 
Revolutions per minute
Surfactant functionalized multi-wall carbon nanotubes
Scanning electron microscopy
Sodium dodecyl sulfate
Single-wall carbon nanotubes
Transmittance {%)
Transfer length measurement 
Polyethylene glycol octylphenyl ether 
Ultraviolet-visible-near infra-red 
Valence band
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Appendix II: List of figures
Figure Page No.
1.1: Hybridization in carbon atomic orbitals 2
1.2: Band structure in organic and inorganic materials 3
1.3: Conductivity of organic and inorganic materials. The conductivity of the 4
conjugated polymer can be changed over wide range of conductivities values 
from insulator to semiconductor and conductor ranges
1.4: Chemical structure of common conductive polymers. Polyacetylene is the first 6
conductive polymer introduced with high conductivity values in the range 2 0 0  
-  1000 s/cm. Polythiophene, Polypyrrole and Polyaniline are among the most 
common conductive polymers that intensively investigated for different 
applications. poly(3,4-ethylenedioxythiopheneythiophene) is a new class of 
conductive polymer which shows high conductivity and excellent stability
2.1: Morphology of PEDOT. PSS thin film showing the conductive PEDOT islands 16
and the PSS-rich boundaries (left) and the chemical structure of the polymer 
(rzgAO
2.2: Carbon nanotubes: (A) Rolling graphene sheet into a nanotube and (B) 21
Nanotubes with different types (chirality) depending on the rolling direction
2.3: Sheet resistance vs. optical transparency of SWCNT network grown by 24
different techniques. The quality of the grown nanotubes has significant 
impact on the properties of the nanotube. Here the nanotubes grown by arc- 
discharge technique exhibit the best performance
2.4: Functionalization of carbon nanotubes: (A) defect-group functionalization, (B) 27
covalent functionalization with chemical groups, (C) noncovalent 
functionalization with surfactants, (D) noncovalent functionalization with 
polymers and (E) functionalization with C60
2.5: Possible crystal structures and growth mechanisms o f Ag 34
nanostructures. The multiple-twined crystals (MTPs) serve as seeds for  
the growth o f Ag nanowires
2.6: Mechanisms of Ag nanowires growth from the multiple twinned particles: (A) 35
Growth of silver (MTP) into nanowires and (B) The role of PVP in the 
passivation of the 1 0 0  - facet and preventing the growth in this direction
2.7: Transmission vs. sheet resistance of nanostructures based thin films, silver 40
nanowires show excellent optical (high transparency) and electrical (low sheet
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resistance) properties in comparison with other nanostructures such as 
graphene, carbon nanotubes and silver flakes
2.8: Solution-based techniques for the deposition of the organic and inorganic 42
materials. These techniques provide simple and cheap route to fabricate 
various electronic devices and most of them are compatible with large-scale 
applications
2.9: Schematic diagram of ink jet printing technique: (A) Continuous ink jet, (B) 44
Thermal Drop on Demand and (C) Pizoelectric Drop on Demand
2.10: Schematic diagram of spray technique setup showing the various component 48
of the technique. The solution is sprayed through the spray nozzle onto the 
substrate at controlled temperature by applying gas pressure to the solution 
reservoir
3.1: Functionalization routes of MWCNT used in this work: (A) covalent acid, (B) 63
non-covalent surfactant and (C) non-covalent polymer functionalizations
3.2: Dimatix 2831 ink-jet printer used in this work to print PEDOT.PSS and 6 6
PEDOT:PSS/MWCNT nano-composites layers
3.3: The setup used in this work to grow silver nanowires. The growth setup is 6 8  
composed of a hotplate with temperature controller, oil bath and a reaction 
flask connected to a syringe pump (right) to inject reaction solutions at 
constant rate. The inset shows the resultant nanowires solution after the 
growth is completed
3.4: Preparation of PEDOT:PSS/Ag NW films: (A) Film transformation method: 69
the nano-composite film is transferred from the membrane filter to glass 
substrate, and (B) The spray technique: the nanowires are sprayed and then 
the polymer is inkjet printed
3.5: Spray technique setup used in this work: The substrates are kept on a hotplate 70
(with temperature controller) at ~ 120 °C and about 13 cm from the spraying 
gun (right upper corner)
3.6: Scanning electron microscopy: (A) A schematic diagram of a simplified 72
scanning electron microscope and (B) Schematic cross-sectional view showing 
the interaction of electrons beam with the sample
3.7: A basic scheme of an Atomic Force Microscope. The deflection of the 73
cantilever due to the interaction between the probe and the sample surface is 
detected and recorded to produce surface topography image
3.8: Thickness measurement using the AFM. A step is made by carefully scratching 74
the film and measured by the AFM. The step image (left) and the step profile 
(right) give accurate measurement of the film thickness (170 nm)
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3.9: Two point probe resistivity setup. Constant current is passed between two 75
points and the voltage across these two points is measured. The measured 
resistance value includes the contact resistance
3.10: Transfer line measurement (TLM) measurement: (A) Schematic diagram of 77
measurement setup with contact separated by different lengths f, I2,1 3 and (B) 
Calculating contact resistance from the intercept value on the resistance axis 
in the graph which equals to 2 Rc
3.11: Raman spectrum of single wall nanotube. The spectrum shows (left to right) 80
the radial breathing mode (RBM), the D (disorders) line, the G 
(graphitization) line and the G ’ (2D) line
3.12: IR spectroscopy chart shows various common vibrational bands. The 81
frequency region from 600 to 1400 cm'  ^ is called the finger print region 
where unique patterns are found for some molecules. The absorption bands 
in the group frequency region (1400-4000 cm'^ ) result from stretching 
vibrations and indicate the presence of particular functional groups in the 
sample
4.1: Effect of substrate treatment and temperature on droplet wetting: contact angle 85
and SEM images of PEDOT.PSS droplet printed @ RT on (A,B) solvent 
cleaned and (C,D) plasma treated substrates. (E) and (F) are SFM images of 
printed PEDOT. PSS droplets on plasma treated substrate for 5 minutes and 
printed @ 40 °C and 60 °C respectively
4.2: Height profile of printed PEDOT.PSS droplets on glass substrates with 8 6  
different treatment and temperatures
4.3: Printing of PEDOT. PSS: (A) Jetting of satellite drop, (B) Jetting drop at an 87
angle and (C) Stable jetting. Printing of PEDOT. PSS at drop spacing of (D)
30 pm, (E) 20 pm and (F) 10 pm.
4.4: Optical (A) and (B) SEM images of printed patterns applying optimum 89
conditions. Inset in (B): Magnified image showing how uniform the edges of 
the line patterns are
4.5: (A) Cross-sectional profile of the printed line patterns and (B) Variation of 90
printed PEDOT:PSS thickness with the number of print runs
4.6: Sheet resistance (solid squares m) and transparency @ 550 nm (open squares 91
u) of the printed samples as a function of the number ofprint runs
4.7: Optical transmittance spectra of the printed samples as a function of the 91
number ofprint runs. The transparency of the film decreases as the number 
o f printed layers (thickness) increase from 1 to 5 layers
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4.8: Solution of (A) Raw MWCNTs, (B) SDS- MWCNTs and (C) O-MWCNTs in 93
water with the corresponding SEM images. The raw sample contains large 
bundles of CNT and some carbonaceous impurities. Surfactant and carboxylic 
acid functionalized samples show well dispersed nanotubes
4.9: Different Raman spectra obtained from as received MWCNTs, SDS-MWCNTs 94
and O-MWCNTs. All spectra show the presence of D-line and G-line of 
graphite lattice which can be used to evaluate the effect of treatment method 
on the nanotubes structure by calculating the intensity ratio Ij/Ig
4.10: SEM images of printed PEDOT.PSS with different ratio of SDS-MWCNTs 96
(0.0-0.05 wt. %). The nanotubes density in the sample increases with 
increasing the nanotubes concentration in the ink until 0.03 wt. % 
concentration (optimum concentration) then the nanotubes start to aggregate 
with any further increase in their concentration
4.11: SEM images ofprinted PEDOT.PSS with different ratio of O-MWCNTs (0.0- 97
0.05 wt. %). Some patterns are seen in the images after the incorporation of 
the nanotubes which indicates the presence of the nanotubes and denote that 
the nanotubes are embedded in the polymer matrix
4.12: AFM images of printed PEDOT:PSS/SDS-MWCNTs samples with different 98
CNT concentrations (0.0-0.05 wt. %). The surface roughness increases with 
nanotubes concentration due to the increase of overlapping nanotubes in the 
printed samples
4.13: AFM images of printed PFDOT:PSS/0-MWCNTs samples with different CNT 99
concentrations (0.0-0.05 wt. Vo). The surface roughness increases with 
increasing the concentration of the nanotubes due to the overlapping of the 
nanotubes in the printed samples
4.14: Effect of CNT concentration on the roughness of the printed 100
PEDOTPSS/MWCNTs samples. The roughness of both samples increases 
with increasing the concentration of the nanotubes in the printed samples.
The roughness increases exponentially at the beginning and then saturates 
which is well represented by the logistic function
4.15: (A) Effect of S-MWCNT and O-MWCNT on the conductivity of the nano- 102
composite samples. Adding nanotubes degrades the conductivity in both 
cases although the effect is less in the case of the oxidized nanotubes. The 
best fitting of the data can be represented by the exponential function which 
shows an exponential decrease in the conductivity values with increasing the 
concentration of the nanotubes where the change in the conductivity becomes 
insignificant at high concentration of the nanotubes. (B) Schematic 
representation of the effect of the insulating surfactant on the charge 
transport in the nano-composite sample. Surfactant molecules insulate the 
nanotubes and prevent them from contributing to the conduction process
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4.16: Conductivity of (A) PEDOT:PSS/SDS-MWCNT and (B) PEDOT:PSS/COOH- 103
MWCNT printed composite patterns after thermal treatment for 30 minutes 
at 120 °C. Further degradation in the conductivity of the samples after the 
thermal treatment is noted
4.17: 1x1 prrfi tapping mode AFM images of (A) as printed PEDOT.PSS, (B) 104
annealed in air and (C) annealed in N2
4.18: FTIR spectra of the printed PEDOT PSS/MWCNTs patterns before and after 105
thermal treatment at 120 °C for 30 minutes under air and N2 ambient
4.19: MWCNT dispersed in water: pristine MWCNT (left) and polymer wrapped 106
MWCNT with the corresponding SEM images (right). The magnified SEM 
image show good dispersion of the nanotubes in the sample.
4.20: Raman spectra of pristine carbon nanotubes, polymer wrapped nanotubes 107
and PEDOT. PSS. The presence of the peaks at 1342, 1435 and 1572 in the 
nano-composite sample spectrum and the comparison with the pristine CNT 
and polymer spectra confirm the polymer functionalization of the nanotubes
4.21: AFM images of polymer functionalized MWCNT. 3D-image (top) shows 108
surface topography of P-MWCNT thin film. The images (middle and bottom) 
show the coiled structure of the polymer and the height profile taken on the 
side wall of the nanotubes at two different positions of the sample. The 
polymer bumps are present along the nanotubes side-walls as a result of tt-ti 
interactions between the polymer chains and the nanotubes
4.22: SEM images of printed PEDOT.PSS with different ratio of polymer 109
functionalized MWCNTs (0.0-0.05 wt. %). The nanotubes density in the 
printed sample increases with increasing the nanotubes concentration and 
start to form continuous network at high concentration
4.23: 5x5 pm/ tapping mode AFM images of the printed sample with different 110
concentration of polymer functionalized nanotubes (0.0-0.05 wt. Yo). The 
roughness of the sample increases with increasing the concentration of the 
nanotubes due to the overlapping nanotubes
4.24: Effect of CNT concentration on the roughness of the printed samples. The 111
roughness of the sample increases with increasing the concentration of the 
nanotubes from 0.0 to 0.05 wt. %. Increasing the density of the nanotubes 
leads to an increase in the number overlapping P-MWCNT and as a result 
samples with more roughness.
4.25: Conductivity of PEDOTPSS/P-MWCNT with different nanotubes 112
concentrations (0.0-0.05 wt.%). The conductivity of the nano-composite 
samples decreases exponentially and then tends to saturate as the 
concentration of the nanotubes increase
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4.26: SEM images of PEDOT:PSS/MWCNT samples: P Jet with (A) 0 wt.% CNT, 113
oTKfjP 46W&; wffA 0 (:A%r fZ); 0.A8 CNjT
and (E) The effect of CNT concentration on the conductivity of two types of 
PEDOTPSS with different treatment and the sheet resistance of CNT films 
( 1 0 0  wt. % concentration)
4.27: Sheet resistance (solid squares m) and transparency @ 550 nm (open squares 115
u) of O-MWCNT samples printed at different thicknesses 20-70 nm). Both, 
the sheet resistance (Rs a 1/t) and transparency of the printed nanotubes 
films decrease with the film thickness. The inset shows the printed samples 
with thickness increasing from left to right
4.28: (A) Printing of PEDOT PSS ink on four substrates with different surface 118
energies. (B) I-V curves showing the effect of substrate treatment on the 
resistance of printed PEDOTPSS samples
4.29: 1.0 X  1.0 imf AFM - phase images (Z-scale is 30°), 3D-height images and 119
height profile of printed samples on: (A) non- treated substrate and plasma 
treated substrates for (B) 1, (C) 5 and (D) 10 minutes
4.30: Alignment technique of CNT in the printed PEDOT:PSS/MWCNT samples. 121
The SEM (left) and AFM (right) images show the printed 
PEDOTPSS/MWCNTs sample before (A) and after (B) applying electric 
field to align the CNT
4.31: (A) I-V curve of Printed PEDOTPSS/MWCNTs sample before and after the 122
alignment of CNT. (B) I-V curve comparison of printed PEDOTPSS and 
PEDOTPSS/MWCNT with and without the applied electric field (E)
5.1: Grown silver (A) nanowires: the inset shows a magnified image of the 128
nanowires (scale bar 10 pm) and (B) nanoparticles: the inset shows a 
magnified image of the nanoparticles (scale bar 1 pm).
5.2: Growth mechanism of silver nanostructures and the role of CuCf in the 129
reaction. Cu prevents the adsorb oxygen from etching silver particles and Cl 
ions help to stabilize Ag seeds and to control the concentration of the free Ag 
ions in the solution.
5.3: Ag nanostructures grown with different PVP/AgNOs volume ratios (A) 0:1, (B) 130
0.5:1, (C) 1:1, (D) 1.5:1, (E) 2:1, (F) 2.5:1 and the inset shows 4:1. As the 
concentration of the polymer increase the nano-structrues transform from 
random shapes to nanowires and nanoparticles respectively
5.4: (A) Length (300 NW) and (B) diameter (100 NW) distribution of the grown 131
silver nanowires.
5.4: Two point probe measurements of electrical conductivity of a single silver 132
nanowire
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5.5; SEM images of Ag NW (A) as sprayed, (B) annealed at 150 °C and (C) 133
annealed at 300 °C. The inset in (c) shows grain formation on the surface of 
the nanowires after annealing the films at high temperature (> 250° C). (D) 
and (E) show the effect of over-annealing on the continuity of silver nanowires 
network (before and after annealing respectively)
5.6: Effect of thermal treatment on the conductivity of Ag NW thin films. Annealing 134
the film at 150 - 300 °C reduce the contact resistance between the nanowires 
and improve the conductivity of the nanowires film
5.7: SEM images of transferred PEDOT:PSS/Ag nanowires thin films: (Left) Nano- 135
composite films with ~ 1 mg/cm  ^ PEDOTPSS and different nanowire 
concentrations from 0.2 — 0.8 mg/cm  ^ and (Right) Peeled stand-alone highly 
conductive PEDOTPSS/Ag film. The images shows top (polymer) and bottom 
(nanowires) side of the film and the inset shows magnified image of the 
nanowires at the bottom side of the film
5.8: Optical transparency @ 550 nm (solid squares n) and area fraction covered 136
with nanowires (open squares u) vs. the nanowire concentrations (0 .2 - 0 . 8  
mg/cm^) in PEDOTPSS/Ag NW samples
5.9: Sheet resistance (solid squares u) and optical transparency @ 550 nm (open 137
squares n) vs. nanowires concentrations (0.2-0. 8  mg/cm^) in PEDOTPSS/Ag 
NW samples
5.10: Variation of sheet resistance and optical transparency @ 550 (solid squares 138
m) and the corresponding figure of merit (open squares n) of 
PEDOTPSS/Ag NW samples with nanowires concentrations (0.2-0. 8  
mg/cm )^
5.11: SEM images of sprayed Ag nanowire with (A) 10, (B) 20, (C) 30, (D) 40 and 139
(E) 50 spray runs before the deposition of PEDOTPSS layers
5.12: 100 X 100 prr  ^AFM images of sprayed Ag nanowire with (A) 10, (B) 20, (C) 140
30, (D) 40 and (E) 50 spray runs before the deposition of PEDOTPSS layers
5.13: Variation in the roughness of sprayed Ag nanowires samples with the number 141
of spray runs (area of 100 fim )^ before the deposition of PEDOTPSS layers
5.14: AFM images of Ag nanowires film (A) before and (B) after the deposition of 142
about 60 nm layer of PEDOTPSS by inkjet printing technique. The
roughness is reduced from about 80 nm to 18 nm after the deposition of 
PEDOTPSS
5.15: Optical transmission of Ag nanowire and PEDOTPSS/Ag nanowires samples 143
with different number of spray runs from 10-50. The arrow direction shows 
the increase in the number of the deposited layers
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5.16: Variation in optical transmission @ 550 nm (solid squares u) and the 144
coverage of the nanowire (open squares u) with the number of sprayed 
layers
5.17: Variation of sheet resistance (open squares □ for Ag NW and solid squares ■ 145
for PEDOT:PSS/Ag NW) and optical transmission at 550 nm (open circles o 
for Ag NW and solid circles • for PEDOT:PSS/Ag NW) of the sprayed Ag 
NW and PEDOT:PSS/Ag NW samples with different number of spray runs.
The thickness of PEDOTPSS layers is ~ 60 nm and the photograph shows 
the transparent electrode samples on top of the ATI logo
5.18: Variation of sheet resistance and optical transparency @ 550 (open squares 146
□ for Ag NW and solid squares ■ for PEDOTPSS/Ag NW) and the 
corresponding figure of merit (open circles o for Ag NW and solid circles • 
for PEDOTPSS/Ag NW) of sprayed Ag NW and PEDOTPSS/Ag NW 
samples.
5.19: Sheet resistance versus optical transparency (@ 550) of Ag NW and Ag NW/ 147
PEDOTPSS nano-composite films in comparison with ITO and the fitted 
curves of transparent electrode figure of merit obtained from equation (5.2).
The sprayed Ag NW and PEDOTPSS/Ag NW films with high nanowires 
density exhibit high figure of merit values (>35), as shown in the shaded 
square, and can replace the ITO which is represented here with a star 
corresponding to figure of merit value of 350
5.20: Effect of annealing on the sheet resistance of PEDOTPSS and 150
PEDOTPSS/Ag nanowire thin films. Reducing the thickness of PEDOTPSS 
samples and applying thermal treatment increases the sheet resistance. These 
effects are insignificant in the case of PEDOTPSS/Ag NW sample which 
indicates that the nanowires plays the major role in conduction process
5.21: Effect mechanical bending on the resistance of Ag NW and Ag NW/ 151
PEDOTPSS thin films
6.1: Fully printed and flexible CNT based gas sensor: photograph of the sensor 157
(left), optical microscope image shows the printed silver interdigitated 
electrodes (middle) and SEM image shows the printed carbon nanotubes 
between the electrodes
6.2: Sensitivity of the printed ethanol vapour sensor with different CNT 158
functionalization methods and different concentration of ethanol vapour. The 
nano-composite based sensor exhibits improved sensing properties in 
comparison with the pristine CNT and polymer based sensors
6.3: Dependence o f  the sensitivity on the electronegativity o f  the functional 160
group
6.4: Calibration curves of the printed ethanol vapor sensor with different CNT 161
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functionalization methods and different concentration of ethanol vapor. All 
sensors exhibit linear responses over the tested concentration range
6.5: Sensitivity of the printed PEDOT:PSS-CNT towards different volatile organic 162 
compounds and ammonia. The sensor exhibit high sensitivity and excellent 
response times towards ethanol and ammonia vapour
6 .6 : Calibration curves of the printed PEDOT:PSS-CNT sensor show linear 164
response towards different volatile organic compounds and ammonia
6.7: Sensitivity o f  the prin ted  PEDOT:PSS-CNT to low ethanol 165
concentrations. The sensor shows very low detection limit o f  25 ppm  to 
ethanol vapour
6 .8 : Reproducibility and performance stability of the printed PEDOT:PSS-CNT 165
sensor under different concentrations of ammonia vapour
6.9: Energy levels o f  the different layers in OLED. The electron 166
blocking/injection barrier (EBB/EIB) and holes blocking/injection 
barrier (HBB/HIB) assist fo r  better confinement o f  the charge carriers 
within the emissive layer which increases the probability o f  light 
emission via radiative recombination
6.10: ITO-free organic light emitting diodes: (A) OLED structure based on 168
PEDOT PSS/Ag NW conductive transparent composite electrode. (B) Energy 
band diagram of the different materials used in the device. The nanowires in 
the nan-composite electrode provides high conductivity and transparency 
together with the polymer which serve as hole transport layer
6.11: Current density (solid ■ and open □ squares) and Luminance ( solid • and 169
open o circles) as functions of applied voltage of organic light emitting 
diodes made using PEDOTPSS/Ag NW composite and ITO as transparent 
electrodes. The photograph in the figure shows bright OLED made using 
PEDOTPSS/Ag NW composite electrode
6.12: External quantum efficiency (solid ■ and open □ squares) and luminance 170
efficiency (solid • and open o circles) current density of organic light 
emitting diodes made using PEDOTPSS/Ag NW composite and ITO as 
transparent electrodes
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